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Feedback control of cell populations
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Figure 2 In silico feedback achieves robust regulation of gene expression fold change. (a) In silico feedback control scheme for the light-activated gene 
system. (b) Regulation of average YFP fluorescence to sevenfold over a 7-h period using in silico feedback (orange). A pre-computed light pulse train that 
achieves set point regulation when applied to the mathematical model (gray) did not achieve the desired fold induction when applied in open loop to the 
biological construct (green). In contrast, closed-loop feedback control achieves the desired fold induction. OL and CL denotes open- and closed-loop control, 
respectively. (c) Regulation of average YFP fluorescence to fourfold above basal over a 7-h period. Open- and closed-loop pulse trains determined as in b.  
(d) Regulation of average YFP to fivefold above basal over a 7-h period, starting from a randomly perturbed culture. Closed-loop control achieves the desired 
set point, irrespective of the initial conditions of the system.

Desired
fluorescence

a

b c d

Light pulse
train

YFP fluorescence distribution

Kalman filter + model predictive
controller

Kept in dark vessel with electronically
controlled light source

In silico feedback Cell population Output measurement

Flow cytometry

Cell culture
samples

(set point)

7
4

10
9
8
7
6
5
4
3
2

3

2

1

6

5

4

3

2

A
ve

ra
ge

 fl
uo

re
sc

en
ce

 fo
ld

 c
ha

ng
e

A
ve

ra
ge

 fl
uo

re
sc

en
ce

 fo
ld

 c
ha

ng
e

A
ve

ra
ge

 fl
uo

re
sc

en
ce

 fo
ld

 c
ha

ng
e

1

0 50 100 150 200 250 300 350 400 0 50 100 150 200
Time (min)Time (min)

Time (min)

250 300 350 400

0 50 100 150 200 250 300 350 400

OL

CL

OL CL1

CL2

CL3

CL4

CL

0 1 2 3 4 5

0.
0

0.
5

1.
0

1.
5

40 uM IPTG -  0 hrs

log GFP intensity

de
ns
ity
/c
df

0 1 2 3 4 5

0.
0

0.
2

0.
4

0.
6

0.
8

1.
0 40 uM IPTG -  2 hrs

log GFP intensity

0 1 2 3 4 5

0.
0

0.
2

0.
4

0.
6

0.
8

40 uM IPTG -  3 hrs

log GFP intensity

0 1 2 3 4 5

0.
0

0.
2

0.
4

0.
6

40 uM IPTG -  4 hrs

log GFP intensity

0 1 2 3 4 5

0.
0

0.
1

0.
2

0.
3

0.
4

0.
5

0.
6

0.
7 40 uM IPTG -  5 hrs

log GFP intensity

Computer Control of Gene Expression in Yeast

Nature Biotechnology, Nov. 2011

Red 
(ON)

Far-red  
(OFF)

yeast cell

Protein of interest clamped  
to any desired value!





Feedback control of recombinant protein production
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Cybergenetic control of recombinant protein production

60% increase 

in yield!

Model-Based PID Control Systems
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2 strains with different growth rates

Feedback Stabilization of Microbial Co-Cultures
Engineered light-controlled cell growth

Photophilic Strain Photo-neutral Strain

Light Induced antibiotic 

resistance

Gutierrez, Kumar, Khammash, Nature Communications  (2022)
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Key Challenges

‣ Genetic engineering of production strains (cost, burden, …) 

‣ Light penetration in bioreactors

500 L to 200,000 L Photobioreactor 

‣ Insights from lab scale bioreactor controllers will guide the design of genetic controllers (no light needed) 

‣ Suitable sensors (key enzymes, metabolites, intermediates, products, cell state, …)

‣ May be limited to low-volume high-value products

Photobioreactor 
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Feedback control of single cells
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Computer Control of Single Cells
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Computer Control of Single Cells
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<latexit sha1_base64="Ji61/oGE8d9+IU7a9xFoiAB4aTI=">AAACHHicbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEEKXisYGuhKbLZTJvF3U3YnVhL6F/wqid/jTfxKvhv3LQ5+PVg4fFmZmfeC1PBDXrep1NZWFxaXqmu1tbWNza3tus7XZNkmkGHJSLRvZAaEFxBBzkK6KUaqAwF3IR3F0X95h604Ym6xkkKA0lHig85o1hIQRrz2+2G1/RmcP8SvyQNUqJ9W3cqQZSwTIJCJqgxfUFVZBi13+dUI2cCprUgM5BSdkdH0LdUUQlmkM8unroHVoncYaLtU+jO1O8TOZXGTGRoOyXF2PyuFeJ/tX6Gw9NBzlWaISg2XzTMhIuJW9h3I66BoZhYQpnm9laXxVRThjakWqBgzBIprZ08aE3zoFgQhnlrav0gPOCYRxif+R5XNjX/d0Z/Sfeo6XtN/+q4cX5U5lcle2SfHBKfnJBzcknapEMYickjeSLPzovz6rw57/PWilPO7JIfcD6+AF+boZk=</latexit><latexit sha1_base64="Ji61/oGE8d9+IU7a9xFoiAB4aTI=">AAACHHicbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEEKXisYGuhKbLZTJvF3U3YnVhL6F/wqid/jTfxKvhv3LQ5+PVg4fFmZmfeC1PBDXrep1NZWFxaXqmu1tbWNza3tus7XZNkmkGHJSLRvZAaEFxBBzkK6KUaqAwF3IR3F0X95h604Ym6xkkKA0lHig85o1hIQRrz2+2G1/RmcP8SvyQNUqJ9W3cqQZSwTIJCJqgxfUFVZBi13+dUI2cCprUgM5BSdkdH0LdUUQlmkM8unroHVoncYaLtU+jO1O8TOZXGTGRoOyXF2PyuFeJ/tX6Gw9NBzlWaISg2XzTMhIuJW9h3I66BoZhYQpnm9laXxVRThjakWqBgzBIprZ08aE3zoFgQhnlrav0gPOCYRxif+R5XNjX/d0Z/Sfeo6XtN/+q4cX5U5lcle2SfHBKfnJBzcknapEMYickjeSLPzovz6rw57/PWilPO7JIfcD6+AF+boZk=</latexit><latexit sha1_base64="Ji61/oGE8d9+IU7a9xFoiAB4aTI=">AAACHHicbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEEKXisYGuhKbLZTJvF3U3YnVhL6F/wqid/jTfxKvhv3LQ5+PVg4fFmZmfeC1PBDXrep1NZWFxaXqmu1tbWNza3tus7XZNkmkGHJSLRvZAaEFxBBzkK6KUaqAwF3IR3F0X95h604Ym6xkkKA0lHig85o1hIQRrz2+2G1/RmcP8SvyQNUqJ9W3cqQZSwTIJCJqgxfUFVZBi13+dUI2cCprUgM5BSdkdH0LdUUQlmkM8unroHVoncYaLtU+jO1O8TOZXGTGRoOyXF2PyuFeJ/tX6Gw9NBzlWaISg2XzTMhIuJW9h3I66BoZhYQpnm9laXxVRThjakWqBgzBIprZ08aE3zoFgQhnlrav0gPOCYRxif+R5XNjX/d0Z/Sfeo6XtN/+q4cX5U5lcle2SfHBKfnJBzcknapEMYickjeSLPzovz6rw57/PWilPO7JIfcD6+AF+boZk=</latexit><latexit sha1_base64="Ji61/oGE8d9+IU7a9xFoiAB4aTI=">AAACHHicbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEEKXisYGuhKbLZTJvF3U3YnVhL6F/wqid/jTfxKvhv3LQ5+PVg4fFmZmfeC1PBDXrep1NZWFxaXqmu1tbWNza3tus7XZNkmkGHJSLRvZAaEFxBBzkK6KUaqAwF3IR3F0X95h604Ym6xkkKA0lHig85o1hIQRrz2+2G1/RmcP8SvyQNUqJ9W3cqQZSwTIJCJqgxfUFVZBi13+dUI2cCprUgM5BSdkdH0LdUUQlmkM8unroHVoncYaLtU+jO1O8TOZXGTGRoOyXF2PyuFeJ/tX6Gw9NBzlWaISg2XzTMhIuJW9h3I66BoZhYQpnm9laXxVRThjakWqBgzBIprZ08aE3zoFgQhnlrav0gPOCYRxif+R5XNjX/d0Z/Sfeo6XtN/+q4cX5U5lcle2SfHBKfnJBzcknapEMYickjeSLPzovz6rw57/PWilPO7JIfcD6+AF+boZk=</latexit>

�
<latexit sha1_base64="Ji61/oGE8d9+IU7a9xFoiAB4aTI=">AAACHHicbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEEKXisYGuhKbLZTJvF3U3YnVhL6F/wqid/jTfxKvhv3LQ5+PVg4fFmZmfeC1PBDXrep1NZWFxaXqmu1tbWNza3tus7XZNkmkGHJSLRvZAaEFxBBzkK6KUaqAwF3IR3F0X95h604Ym6xkkKA0lHig85o1hIQRrz2+2G1/RmcP8SvyQNUqJ9W3cqQZSwTIJCJqgxfUFVZBi13+dUI2cCprUgM5BSdkdH0LdUUQlmkM8unroHVoncYaLtU+jO1O8TOZXGTGRoOyXF2PyuFeJ/tX6Gw9NBzlWaISg2XzTMhIuJW9h3I66BoZhYQpnm9laXxVRThjakWqBgzBIprZ08aE3zoFgQhnlrav0gPOCYRxif+R5XNjX/d0Z/Sfeo6XtN/+q4cX5U5lcle2SfHBKfnJBzcknapEMYickjeSLPzovz6rw57/PWilPO7JIfcD6+AF+boZk=</latexit><latexit sha1_base64="Ji61/oGE8d9+IU7a9xFoiAB4aTI=">AAACHHicbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEEKXisYGuhKbLZTJvF3U3YnVhL6F/wqid/jTfxKvhv3LQ5+PVg4fFmZmfeC1PBDXrep1NZWFxaXqmu1tbWNza3tus7XZNkmkGHJSLRvZAaEFxBBzkK6KUaqAwF3IR3F0X95h604Ym6xkkKA0lHig85o1hIQRrz2+2G1/RmcP8SvyQNUqJ9W3cqQZSwTIJCJqgxfUFVZBi13+dUI2cCprUgM5BSdkdH0LdUUQlmkM8unroHVoncYaLtU+jO1O8TOZXGTGRoOyXF2PyuFeJ/tX6Gw9NBzlWaISg2XzTMhIuJW9h3I66BoZhYQpnm9laXxVRThjakWqBgzBIprZ08aE3zoFgQhnlrav0gPOCYRxif+R5XNjX/d0Z/Sfeo6XtN/+q4cX5U5lcle2SfHBKfnJBzcknapEMYickjeSLPzovz6rw57/PWilPO7JIfcD6+AF+boZk=</latexit><latexit sha1_base64="Ji61/oGE8d9+IU7a9xFoiAB4aTI=">AAACHHicbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEEKXisYGuhKbLZTJvF3U3YnVhL6F/wqid/jTfxKvhv3LQ5+PVg4fFmZmfeC1PBDXrep1NZWFxaXqmu1tbWNza3tus7XZNkmkGHJSLRvZAaEFxBBzkK6KUaqAwF3IR3F0X95h604Ym6xkkKA0lHig85o1hIQRrz2+2G1/RmcP8SvyQNUqJ9W3cqQZSwTIJCJqgxfUFVZBi13+dUI2cCprUgM5BSdkdH0LdUUQlmkM8unroHVoncYaLtU+jO1O8TOZXGTGRoOyXF2PyuFeJ/tX6Gw9NBzlWaISg2XzTMhIuJW9h3I66BoZhYQpnm9laXxVRThjakWqBgzBIprZ08aE3zoFgQhnlrav0gPOCYRxif+R5XNjX/d0Z/Sfeo6XtN/+q4cX5U5lcle2SfHBKfnJBzcknapEMYickjeSLPzovz6rw57/PWilPO7JIfcD6+AF+boZk=</latexit><latexit sha1_base64="Ji61/oGE8d9+IU7a9xFoiAB4aTI=">AAACHHicbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEEKXisYGuhKbLZTJvF3U3YnVhL6F/wqid/jTfxKvhv3LQ5+PVg4fFmZmfeC1PBDXrep1NZWFxaXqmu1tbWNza3tus7XZNkmkGHJSLRvZAaEFxBBzkK6KUaqAwF3IR3F0X95h604Ym6xkkKA0lHig85o1hIQRrz2+2G1/RmcP8SvyQNUqJ9W3cqQZSwTIJCJqgxfUFVZBi13+dUI2cCprUgM5BSdkdH0LdUUQlmkM8unroHVoncYaLtU+jO1O8TOZXGTGRoOyXF2PyuFeJ/tX6Gw9NBzlWaISg2XzTMhIuJW9h3I66BoZhYQpnm9laXxVRThjakWqBgzBIprZ08aE3zoFgQhnlrav0gPOCYRxif+R5XNjX/d0Z/Sfeo6XtN/+q4cX5U5lcle2SfHBKfnJBzcknapEMYickjeSLPzovz6rw57/PWilPO7JIfcD6+AF+boZk=</latexit>

✓
<latexit sha1_base64="Egxx99yYC4ysJR6L53ikQGSiPEg=">AAACHnicbVBNS8NAEN3U7/pV9eglWARPJRFBL0JBBI8KtgpNKZPN1K7ubsLuxFpC/4NXPflrvIlX/Tduaw9qHRh4vDfDm3lxJoWlIPj0SjOzc/MLi0vl5ZXVtfXKxmbTprnh2OCpTM11DBal0NggQRKvM4OgYolX8d3JSL+6R2NFqi9pkGFbwY0WXcGBHNWMqIcEnUo1qAXj8qdBOAFVNqnzzoZXipKU5wo1cQnWtiToxHJwBgUYElzisBzlFjPgd3CDLQc1KLTtYnzz0N91TOJ3U+Nakz9mf24UoKwdqNhNKqCe/auNyP+0Vk7do3YhdJYTav5t1M2lT6k/CsBPhEFOcuAAcCPcrT7vgQFOLqZypLHPU6XcO0V0OiyikUEcF6dD9w/hA/VFQr3jMBDapRb+zWgaNPdrYVALLw6q9f1Jfotsm+2wPRayQ1ZnZ+ycNRhnt+yRPbFn78V79d689+/RkjfZ2WK/yvv4AhlAooI=</latexit><latexit sha1_base64="Egxx99yYC4ysJR6L53ikQGSiPEg=">AAACHnicbVBNS8NAEN3U7/pV9eglWARPJRFBL0JBBI8KtgpNKZPN1K7ubsLuxFpC/4NXPflrvIlX/Tduaw9qHRh4vDfDm3lxJoWlIPj0SjOzc/MLi0vl5ZXVtfXKxmbTprnh2OCpTM11DBal0NggQRKvM4OgYolX8d3JSL+6R2NFqi9pkGFbwY0WXcGBHNWMqIcEnUo1qAXj8qdBOAFVNqnzzoZXipKU5wo1cQnWtiToxHJwBgUYElzisBzlFjPgd3CDLQc1KLTtYnzz0N91TOJ3U+Nakz9mf24UoKwdqNhNKqCe/auNyP+0Vk7do3YhdJYTav5t1M2lT6k/CsBPhEFOcuAAcCPcrT7vgQFOLqZypLHPU6XcO0V0OiyikUEcF6dD9w/hA/VFQr3jMBDapRb+zWgaNPdrYVALLw6q9f1Jfotsm+2wPRayQ1ZnZ+ycNRhnt+yRPbFn78V79d689+/RkjfZ2WK/yvv4AhlAooI=</latexit><latexit sha1_base64="Egxx99yYC4ysJR6L53ikQGSiPEg=">AAACHnicbVBNS8NAEN3U7/pV9eglWARPJRFBL0JBBI8KtgpNKZPN1K7ubsLuxFpC/4NXPflrvIlX/Tduaw9qHRh4vDfDm3lxJoWlIPj0SjOzc/MLi0vl5ZXVtfXKxmbTprnh2OCpTM11DBal0NggQRKvM4OgYolX8d3JSL+6R2NFqi9pkGFbwY0WXcGBHNWMqIcEnUo1qAXj8qdBOAFVNqnzzoZXipKU5wo1cQnWtiToxHJwBgUYElzisBzlFjPgd3CDLQc1KLTtYnzz0N91TOJ3U+Nakz9mf24UoKwdqNhNKqCe/auNyP+0Vk7do3YhdJYTav5t1M2lT6k/CsBPhEFOcuAAcCPcrT7vgQFOLqZypLHPU6XcO0V0OiyikUEcF6dD9w/hA/VFQr3jMBDapRb+zWgaNPdrYVALLw6q9f1Jfotsm+2wPRayQ1ZnZ+ycNRhnt+yRPbFn78V79d689+/RkjfZ2WK/yvv4AhlAooI=</latexit><latexit sha1_base64="Egxx99yYC4ysJR6L53ikQGSiPEg=">AAACHnicbVBNS8NAEN3U7/pV9eglWARPJRFBL0JBBI8KtgpNKZPN1K7ubsLuxFpC/4NXPflrvIlX/Tduaw9qHRh4vDfDm3lxJoWlIPj0SjOzc/MLi0vl5ZXVtfXKxmbTprnh2OCpTM11DBal0NggQRKvM4OgYolX8d3JSL+6R2NFqi9pkGFbwY0WXcGBHNWMqIcEnUo1qAXj8qdBOAFVNqnzzoZXipKU5wo1cQnWtiToxHJwBgUYElzisBzlFjPgd3CDLQc1KLTtYnzz0N91TOJ3U+Nakz9mf24UoKwdqNhNKqCe/auNyP+0Vk7do3YhdJYTav5t1M2lT6k/CsBPhEFOcuAAcCPcrT7vgQFOLqZypLHPU6XcO0V0OiyikUEcF6dD9w/hA/VFQr3jMBDapRb+zWgaNPdrYVALLw6q9f1Jfotsm+2wPRayQ1ZnZ+ycNRhnt+yRPbFn78V79d689+/RkjfZ2WK/yvv4AhlAooI=</latexit>

µ
<latexit sha1_base64="n6MFhhtTq6XSZx6NSy4FFoNUzVE=">AAACG3icbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEKUvBY0WqhKbLZTNqlu5uwO1FL6E/wqid/jTfx6sF/46bm4NeDhcebmZ15L0wFN+h5H05lbn5hcam6XFtZXVvf2KxvXZkk0wy6LBGJ7oXUgOAKushRQC/VQGUo4Docnxb161vQhifqEicpDCQdKh5zRtFKF4HMbjYbXtObwf1L/JI0SInOTd2pBFHCMgkKmaDG9AVVkWHU/p5TjZwJmNaCzEBK2ZgOoW+pohLMIJ8dPHX3rBK5caLtU+jO1O8TOZXGTGRoOyXFkfldK8T/av0M4+NBzlWaISj2tSjOhIuJW7h3I66BoZhYQpnm9laXjaimDG1GtUDBHUuktHbyoD3Ng2JBGObtqfWDcI93PMLRie9xZVPzf2f0l1wdNH2v6Z8fNloHZX5VskN2yT7xyRFpkTPSIV3CyJA8kEfy5Dw7L86r8/bVWnHKmW3yA877J5cRoTA=</latexit><latexit sha1_base64="n6MFhhtTq6XSZx6NSy4FFoNUzVE=">AAACG3icbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEKUvBY0WqhKbLZTNqlu5uwO1FL6E/wqid/jTfx6sF/46bm4NeDhcebmZ15L0wFN+h5H05lbn5hcam6XFtZXVvf2KxvXZkk0wy6LBGJ7oXUgOAKushRQC/VQGUo4Docnxb161vQhifqEicpDCQdKh5zRtFKF4HMbjYbXtObwf1L/JI0SInOTd2pBFHCMgkKmaDG9AVVkWHU/p5TjZwJmNaCzEBK2ZgOoW+pohLMIJ8dPHX3rBK5caLtU+jO1O8TOZXGTGRoOyXFkfldK8T/av0M4+NBzlWaISj2tSjOhIuJW7h3I66BoZhYQpnm9laXjaimDG1GtUDBHUuktHbyoD3Ng2JBGObtqfWDcI93PMLRie9xZVPzf2f0l1wdNH2v6Z8fNloHZX5VskN2yT7xyRFpkTPSIV3CyJA8kEfy5Dw7L86r8/bVWnHKmW3yA877J5cRoTA=</latexit><latexit sha1_base64="n6MFhhtTq6XSZx6NSy4FFoNUzVE=">AAACG3icbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEKUvBY0WqhKbLZTNqlu5uwO1FL6E/wqid/jTfx6sF/46bm4NeDhcebmZ15L0wFN+h5H05lbn5hcam6XFtZXVvf2KxvXZkk0wy6LBGJ7oXUgOAKushRQC/VQGUo4Docnxb161vQhifqEicpDCQdKh5zRtFKF4HMbjYbXtObwf1L/JI0SInOTd2pBFHCMgkKmaDG9AVVkWHU/p5TjZwJmNaCzEBK2ZgOoW+pohLMIJ8dPHX3rBK5caLtU+jO1O8TOZXGTGRoOyXFkfldK8T/av0M4+NBzlWaISj2tSjOhIuJW7h3I66BoZhYQpnm9laXjaimDG1GtUDBHUuktHbyoD3Ng2JBGObtqfWDcI93PMLRie9xZVPzf2f0l1wdNH2v6Z8fNloHZX5VskN2yT7xyRFpkTPSIV3CyJA8kEfy5Dw7L86r8/bVWnHKmW3yA877J5cRoTA=</latexit><latexit sha1_base64="n6MFhhtTq6XSZx6NSy4FFoNUzVE=">AAACG3icbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEKUvBY0WqhKbLZTNqlu5uwO1FL6E/wqid/jTfx6sF/46bm4NeDhcebmZ15L0wFN+h5H05lbn5hcam6XFtZXVvf2KxvXZkk0wy6LBGJ7oXUgOAKushRQC/VQGUo4Docnxb161vQhifqEicpDCQdKh5zRtFKF4HMbjYbXtObwf1L/JI0SInOTd2pBFHCMgkKmaDG9AVVkWHU/p5TjZwJmNaCzEBK2ZgOoW+pohLMIJ8dPHX3rBK5caLtU+jO1O8TOZXGTGRoOyXFkfldK8T/av0M4+NBzlWaISj2tSjOhIuJW7h3I66BoZhYQpnm9laXjaimDG1GtUDBHUuktHbyoD3Ng2JBGObtqfWDcI93PMLRie9xZVPzf2f0l1wdNH2v6Z8fNloHZX5VskN2yT7xyRFpkTPSIV3CyJA8kEfy5Dw7L86r8/bVWnHKmW3yA877J5cRoTA=</latexit>

⌘
<latexit sha1_base64="ivyhTI4ubJxhWXKiv+w6MPaMOtY=">AAACHHicbVBNS8NAEN3U7/qtRy/BIngqiQh6EQQRPCpYKzSlTDZTu7i7CbsTawn9C1715K/xJl4F/42b2oO2Plh4vJnZmffiTApLQfDlVWZm5+YXFpeqyyura+sbm1s3Ns0NxwZPZWpuY7AohcYGCZJ4mxkEFUtsxvdnZb35gMaKVF/TIMO2gjstuoIDlVKEBJ2NWlAPRvCnSTgmNTbGZWfTq0RJynOFmrgEa1sSdGI5uO8LMCS4xGE1yi1mwO/hDluOalBo28Xo4qG/55TE76bGPU3+SP09UYCydqBi16mAenayVor/1Vo5dY/bhdBZTqj5z6JuLn1K/dK+nwiDnOTAEeBGuFt93gMDnFxI1Uhjn6dKOTtFdD4sonJBHBfnQ+eH8JH6IqHeSRgI7VILJzOaJjcH9TCoh1eHtdODcX6LbIftsn0WsiN2yi7YJWswznrsiT2zF+/Ve/PevY+f1oo3ntlmf+B9fgNTnqGS</latexit><latexit sha1_base64="ivyhTI4ubJxhWXKiv+w6MPaMOtY=">AAACHHicbVBNS8NAEN3U7/qtRy/BIngqiQh6EQQRPCpYKzSlTDZTu7i7CbsTawn9C1715K/xJl4F/42b2oO2Plh4vJnZmffiTApLQfDlVWZm5+YXFpeqyyura+sbm1s3Ns0NxwZPZWpuY7AohcYGCZJ4mxkEFUtsxvdnZb35gMaKVF/TIMO2gjstuoIDlVKEBJ2NWlAPRvCnSTgmNTbGZWfTq0RJynOFmrgEa1sSdGI5uO8LMCS4xGE1yi1mwO/hDluOalBo28Xo4qG/55TE76bGPU3+SP09UYCydqBi16mAenayVor/1Vo5dY/bhdBZTqj5z6JuLn1K/dK+nwiDnOTAEeBGuFt93gMDnFxI1Uhjn6dKOTtFdD4sonJBHBfnQ+eH8JH6IqHeSRgI7VILJzOaJjcH9TCoh1eHtdODcX6LbIftsn0WsiN2yi7YJWswznrsiT2zF+/Ve/PevY+f1oo3ntlmf+B9fgNTnqGS</latexit><latexit sha1_base64="ivyhTI4ubJxhWXKiv+w6MPaMOtY=">AAACHHicbVBNS8NAEN3U7/qtRy/BIngqiQh6EQQRPCpYKzSlTDZTu7i7CbsTawn9C1715K/xJl4F/42b2oO2Plh4vJnZmffiTApLQfDlVWZm5+YXFpeqyyura+sbm1s3Ns0NxwZPZWpuY7AohcYGCZJ4mxkEFUtsxvdnZb35gMaKVF/TIMO2gjstuoIDlVKEBJ2NWlAPRvCnSTgmNTbGZWfTq0RJynOFmrgEa1sSdGI5uO8LMCS4xGE1yi1mwO/hDluOalBo28Xo4qG/55TE76bGPU3+SP09UYCydqBi16mAenayVor/1Vo5dY/bhdBZTqj5z6JuLn1K/dK+nwiDnOTAEeBGuFt93gMDnFxI1Uhjn6dKOTtFdD4sonJBHBfnQ+eH8JH6IqHeSRgI7VILJzOaJjcH9TCoh1eHtdODcX6LbIftsn0WsiN2yi7YJWswznrsiT2zF+/Ve/PevY+f1oo3ntlmf+B9fgNTnqGS</latexit><latexit sha1_base64="ivyhTI4ubJxhWXKiv+w6MPaMOtY=">AAACHHicbVBNS8NAEN3U7/qtRy/BIngqiQh6EQQRPCpYKzSlTDZTu7i7CbsTawn9C1715K/xJl4F/42b2oO2Plh4vJnZmffiTApLQfDlVWZm5+YXFpeqyyura+sbm1s3Ns0NxwZPZWpuY7AohcYGCZJ4mxkEFUtsxvdnZb35gMaKVF/TIMO2gjstuoIDlVKEBJ2NWlAPRvCnSTgmNTbGZWfTq0RJynOFmrgEa1sSdGI5uO8LMCS4xGE1yi1mwO/hDluOalBo28Xo4qG/55TE76bGPU3+SP09UYCydqBi16mAenayVor/1Vo5dY/bhdBZTqj5z6JuLn1K/dK+nwiDnOTAEeBGuFt93gMDnFxI1Uhjn6dKOTtFdD4sonJBHBfnQ+eH8JH6IqHeSRgI7VILJzOaJjcH9TCoh1eHtdODcX6LbIftsn0WsiN2yi7YJWswznrsiT2zF+/Ve/PevY+f1oo3ntlmf+B9fgNTnqGS</latexit>

k
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✓
<latexit sha1_base64="Egxx99yYC4ysJR6L53ikQGSiPEg=">AAACHnicbVBNS8NAEN3U7/pV9eglWARPJRFBL0JBBI8KtgpNKZPN1K7ubsLuxFpC/4NXPflrvIlX/Tduaw9qHRh4vDfDm3lxJoWlIPj0SjOzc/MLi0vl5ZXVtfXKxmbTprnh2OCpTM11DBal0NggQRKvM4OgYolX8d3JSL+6R2NFqi9pkGFbwY0WXcGBHNWMqIcEnUo1qAXj8qdBOAFVNqnzzoZXipKU5wo1cQnWtiToxHJwBgUYElzisBzlFjPgd3CDLQc1KLTtYnzz0N91TOJ3U+Nakz9mf24UoKwdqNhNKqCe/auNyP+0Vk7do3YhdJYTav5t1M2lT6k/CsBPhEFOcuAAcCPcrT7vgQFOLqZypLHPU6XcO0V0OiyikUEcF6dD9w/hA/VFQr3jMBDapRb+zWgaNPdrYVALLw6q9f1Jfotsm+2wPRayQ1ZnZ+ycNRhnt+yRPbFn78V79d689+/RkjfZ2WK/yvv4AhlAooI=</latexit><latexit sha1_base64="Egxx99yYC4ysJR6L53ikQGSiPEg=">AAACHnicbVBNS8NAEN3U7/pV9eglWARPJRFBL0JBBI8KtgpNKZPN1K7ubsLuxFpC/4NXPflrvIlX/Tduaw9qHRh4vDfDm3lxJoWlIPj0SjOzc/MLi0vl5ZXVtfXKxmbTprnh2OCpTM11DBal0NggQRKvM4OgYolX8d3JSL+6R2NFqi9pkGFbwY0WXcGBHNWMqIcEnUo1qAXj8qdBOAFVNqnzzoZXipKU5wo1cQnWtiToxHJwBgUYElzisBzlFjPgd3CDLQc1KLTtYnzz0N91TOJ3U+Nakz9mf24UoKwdqNhNKqCe/auNyP+0Vk7do3YhdJYTav5t1M2lT6k/CsBPhEFOcuAAcCPcrT7vgQFOLqZypLHPU6XcO0V0OiyikUEcF6dD9w/hA/VFQr3jMBDapRb+zWgaNPdrYVALLw6q9f1Jfotsm+2wPRayQ1ZnZ+ycNRhnt+yRPbFn78V79d689+/RkjfZ2WK/yvv4AhlAooI=</latexit><latexit sha1_base64="Egxx99yYC4ysJR6L53ikQGSiPEg=">AAACHnicbVBNS8NAEN3U7/pV9eglWARPJRFBL0JBBI8KtgpNKZPN1K7ubsLuxFpC/4NXPflrvIlX/Tduaw9qHRh4vDfDm3lxJoWlIPj0SjOzc/MLi0vl5ZXVtfXKxmbTprnh2OCpTM11DBal0NggQRKvM4OgYolX8d3JSL+6R2NFqi9pkGFbwY0WXcGBHNWMqIcEnUo1qAXj8qdBOAFVNqnzzoZXipKU5wo1cQnWtiToxHJwBgUYElzisBzlFjPgd3CDLQc1KLTtYnzz0N91TOJ3U+Nakz9mf24UoKwdqNhNKqCe/auNyP+0Vk7do3YhdJYTav5t1M2lT6k/CsBPhEFOcuAAcCPcrT7vgQFOLqZypLHPU6XcO0V0OiyikUEcF6dD9w/hA/VFQr3jMBDapRb+zWgaNPdrYVALLw6q9f1Jfotsm+2wPRayQ1ZnZ+ycNRhnt+yRPbFn78V79d689+/RkjfZ2WK/yvv4AhlAooI=</latexit><latexit sha1_base64="Egxx99yYC4ysJR6L53ikQGSiPEg=">AAACHnicbVBNS8NAEN3U7/pV9eglWARPJRFBL0JBBI8KtgpNKZPN1K7ubsLuxFpC/4NXPflrvIlX/Tduaw9qHRh4vDfDm3lxJoWlIPj0SjOzc/MLi0vl5ZXVtfXKxmbTprnh2OCpTM11DBal0NggQRKvM4OgYolX8d3JSL+6R2NFqi9pkGFbwY0WXcGBHNWMqIcEnUo1qAXj8qdBOAFVNqnzzoZXipKU5wo1cQnWtiToxHJwBgUYElzisBzlFjPgd3CDLQc1KLTtYnzz0N91TOJ3U+Nakz9mf24UoKwdqNhNKqCe/auNyP+0Vk7do3YhdJYTav5t1M2lT6k/CsBPhEFOcuAAcCPcrT7vgQFOLqZypLHPU6XcO0V0OiyikUEcF6dD9w/hA/VFQr3jMBDapRb+zWgaNPdrYVALLw6q9f1Jfotsm+2wPRayQ1ZnZ+ycNRhnt+yRPbFn78V79d689+/RkjfZ2WK/yvv4AhlAooI=</latexit>

µ
<latexit sha1_base64="n6MFhhtTq6XSZx6NSy4FFoNUzVE=">AAACG3icbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEKUvBY0WqhKbLZTNqlu5uwO1FL6E/wqid/jTfx6sF/46bm4NeDhcebmZ15L0wFN+h5H05lbn5hcam6XFtZXVvf2KxvXZkk0wy6LBGJ7oXUgOAKushRQC/VQGUo4Docnxb161vQhifqEicpDCQdKh5zRtFKF4HMbjYbXtObwf1L/JI0SInOTd2pBFHCMgkKmaDG9AVVkWHU/p5TjZwJmNaCzEBK2ZgOoW+pohLMIJ8dPHX3rBK5caLtU+jO1O8TOZXGTGRoOyXFkfldK8T/av0M4+NBzlWaISj2tSjOhIuJW7h3I66BoZhYQpnm9laXjaimDG1GtUDBHUuktHbyoD3Ng2JBGObtqfWDcI93PMLRie9xZVPzf2f0l1wdNH2v6Z8fNloHZX5VskN2yT7xyRFpkTPSIV3CyJA8kEfy5Dw7L86r8/bVWnHKmW3yA877J5cRoTA=</latexit><latexit sha1_base64="n6MFhhtTq6XSZx6NSy4FFoNUzVE=">AAACG3icbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEKUvBY0WqhKbLZTNqlu5uwO1FL6E/wqid/jTfx6sF/46bm4NeDhcebmZ15L0wFN+h5H05lbn5hcam6XFtZXVvf2KxvXZkk0wy6LBGJ7oXUgOAKushRQC/VQGUo4Docnxb161vQhifqEicpDCQdKh5zRtFKF4HMbjYbXtObwf1L/JI0SInOTd2pBFHCMgkKmaDG9AVVkWHU/p5TjZwJmNaCzEBK2ZgOoW+pohLMIJ8dPHX3rBK5caLtU+jO1O8TOZXGTGRoOyXFkfldK8T/av0M4+NBzlWaISj2tSjOhIuJW7h3I66BoZhYQpnm9laXjaimDG1GtUDBHUuktHbyoD3Ng2JBGObtqfWDcI93PMLRie9xZVPzf2f0l1wdNH2v6Z8fNloHZX5VskN2yT7xyRFpkTPSIV3CyJA8kEfy5Dw7L86r8/bVWnHKmW3yA877J5cRoTA=</latexit><latexit sha1_base64="n6MFhhtTq6XSZx6NSy4FFoNUzVE=">AAACG3icbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEKUvBY0WqhKbLZTNqlu5uwO1FL6E/wqid/jTfx6sF/46bm4NeDhcebmZ15L0wFN+h5H05lbn5hcam6XFtZXVvf2KxvXZkk0wy6LBGJ7oXUgOAKushRQC/VQGUo4Docnxb161vQhifqEicpDCQdKh5zRtFKF4HMbjYbXtObwf1L/JI0SInOTd2pBFHCMgkKmaDG9AVVkWHU/p5TjZwJmNaCzEBK2ZgOoW+pohLMIJ8dPHX3rBK5caLtU+jO1O8TOZXGTGRoOyXFkfldK8T/av0M4+NBzlWaISj2tSjOhIuJW7h3I66BoZhYQpnm9laXjaimDG1GtUDBHUuktHbyoD3Ng2JBGObtqfWDcI93PMLRie9xZVPzf2f0l1wdNH2v6Z8fNloHZX5VskN2yT7xyRFpkTPSIV3CyJA8kEfy5Dw7L86r8/bVWnHKmW3yA877J5cRoTA=</latexit><latexit sha1_base64="n6MFhhtTq6XSZx6NSy4FFoNUzVE=">AAACG3icbVBNS8NAEN3Ur1o/q0cvwSJ4KokIehEKUvBY0WqhKbLZTNqlu5uwO1FL6E/wqid/jTfx6sF/46bm4NeDhcebmZ15L0wFN+h5H05lbn5hcam6XFtZXVvf2KxvXZkk0wy6LBGJ7oXUgOAKushRQC/VQGUo4Docnxb161vQhifqEicpDCQdKh5zRtFKF4HMbjYbXtObwf1L/JI0SInOTd2pBFHCMgkKmaDG9AVVkWHU/p5TjZwJmNaCzEBK2ZgOoW+pohLMIJ8dPHX3rBK5caLtU+jO1O8TOZXGTGRoOyXFkfldK8T/av0M4+NBzlWaISj2tSjOhIuJW7h3I66BoZhYQpnm9laXjaimDG1GtUDBHUuktHbyoD3Ng2JBGObtqfWDcI93PMLRie9xZVPzf2f0l1wdNH2v6Z8fNloHZX5VskN2yT7xyRFpkTPSIV3CyJA8kEfy5Dw7L86r8/bVWnHKmW3yA877J5cRoTA=</latexit>

⌘
<latexit sha1_base64="ivyhTI4ubJxhWXKiv+w6MPaMOtY=">AAACHHicbVBNS8NAEN3U7/qtRy/BIngqiQh6EQQRPCpYKzSlTDZTu7i7CbsTawn9C1715K/xJl4F/42b2oO2Plh4vJnZmffiTApLQfDlVWZm5+YXFpeqyyura+sbm1s3Ns0NxwZPZWpuY7AohcYGCZJ4mxkEFUtsxvdnZb35gMaKVF/TIMO2gjstuoIDlVKEBJ2NWlAPRvCnSTgmNTbGZWfTq0RJynOFmrgEa1sSdGI5uO8LMCS4xGE1yi1mwO/hDluOalBo28Xo4qG/55TE76bGPU3+SP09UYCydqBi16mAenayVor/1Vo5dY/bhdBZTqj5z6JuLn1K/dK+nwiDnOTAEeBGuFt93gMDnFxI1Uhjn6dKOTtFdD4sonJBHBfnQ+eH8JH6IqHeSRgI7VILJzOaJjcH9TCoh1eHtdODcX6LbIftsn0WsiN2yi7YJWswznrsiT2zF+/Ve/PevY+f1oo3ntlmf+B9fgNTnqGS</latexit><latexit sha1_base64="ivyhTI4ubJxhWXKiv+w6MPaMOtY=">AAACHHicbVBNS8NAEN3U7/qtRy/BIngqiQh6EQQRPCpYKzSlTDZTu7i7CbsTawn9C1715K/xJl4F/42b2oO2Plh4vJnZmffiTApLQfDlVWZm5+YXFpeqyyura+sbm1s3Ns0NxwZPZWpuY7AohcYGCZJ4mxkEFUtsxvdnZb35gMaKVF/TIMO2gjstuoIDlVKEBJ2NWlAPRvCnSTgmNTbGZWfTq0RJynOFmrgEa1sSdGI5uO8LMCS4xGE1yi1mwO/hDluOalBo28Xo4qG/55TE76bGPU3+SP09UYCydqBi16mAenayVor/1Vo5dY/bhdBZTqj5z6JuLn1K/dK+nwiDnOTAEeBGuFt93gMDnFxI1Uhjn6dKOTtFdD4sonJBHBfnQ+eH8JH6IqHeSRgI7VILJzOaJjcH9TCoh1eHtdODcX6LbIftsn0WsiN2yi7YJWswznrsiT2zF+/Ve/PevY+f1oo3ntlmf+B9fgNTnqGS</latexit><latexit sha1_base64="ivyhTI4ubJxhWXKiv+w6MPaMOtY=">AAACHHicbVBNS8NAEN3U7/qtRy/BIngqiQh6EQQRPCpYKzSlTDZTu7i7CbsTawn9C1715K/xJl4F/42b2oO2Plh4vJnZmffiTApLQfDlVWZm5+YXFpeqyyura+sbm1s3Ns0NxwZPZWpuY7AohcYGCZJ4mxkEFUtsxvdnZb35gMaKVF/TIMO2gjstuoIDlVKEBJ2NWlAPRvCnSTgmNTbGZWfTq0RJynOFmrgEa1sSdGI5uO8LMCS4xGE1yi1mwO/hDluOalBo28Xo4qG/55TE76bGPU3+SP09UYCydqBi16mAenayVor/1Vo5dY/bhdBZTqj5z6JuLn1K/dK+nwiDnOTAEeBGuFt93gMDnFxI1Uhjn6dKOTtFdD4sonJBHBfnQ+eH8JH6IqHeSRgI7VILJzOaJjcH9TCoh1eHtdODcX6LbIftsn0WsiN2yi7YJWswznrsiT2zF+/Ve/PevY+f1oo3ntlmf+B9fgNTnqGS</latexit><latexit sha1_base64="ivyhTI4ubJxhWXKiv+w6MPaMOtY=">AAACHHicbVBNS8NAEN3U7/qtRy/BIngqiQh6EQQRPCpYKzSlTDZTu7i7CbsTawn9C1715K/xJl4F/42b2oO2Plh4vJnZmffiTApLQfDlVWZm5+YXFpeqyyura+sbm1s3Ns0NxwZPZWpuY7AohcYGCZJ4mxkEFUtsxvdnZb35gMaKVF/TIMO2gjstuoIDlVKEBJ2NWlAPRvCnSTgmNTbGZWfTq0RJynOFmrgEa1sSdGI5uO8LMCS4xGE1yi1mwO/hDluOalBo28Xo4qG/55TE76bGPU3+SP09UYCydqBi16mAenayVor/1Vo5dY/bhdBZTqj5z6JuLn1K/dK+nwiDnOTAEeBGuFt93gMDnFxI1Uhjn6dKOTtFdD4sonJBHBfnQ+eH8JH6IqHeSRgI7VILJzOaJjcH9TCoh1eHtdODcX6LbIftsn0WsiN2yi7YJWswznrsiT2zF+/Ve/PevY+f1oo3ntlmf+B9fgNTnqGS</latexit>

k
<latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit><latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit><latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit><latexit sha1_base64="DFQ8J4RQL+q0VF5FoTuWFP2MJk0=">AAACCnicbVDLSgMxFM3UV61V27WbwSK4KjNudCMIUnBZwT6gU0omc6cNTTJDcsdahvkBt678GnfiL/g3po+Fth4IHM5Jcu85YSq4Qc/7dko7u3v7B+XDylG1cnxyWqt2TZJpBh2WiET3Q2pAcAUd5Cign2qgMhTQC6f3C7/3DNrwRD3hPIWhpGPFY84oWqk9qjW8preEu038NWmQNUZ1pxRECcskKGSCGjMQVEWGUftzTjVyJqCoBJmBlLIpHcPAUkUlmGG+XLZwL6wSuXGi7VHoLtXfL3IqjZnL0N6UFCdm01uI/3mDDOObYc5VmiEothoUZ8LFxF0kdyOugaGYW0KZ5nZXl02opgxtP5VAwYwlUto4edAq8mAxIAzzVmHzILzgjEc4ufU9rmxp/mZF26R71fS9pv/okTI5I+fkkvjkmtyRB9ImHcJIRF7Jm/PufDifq3JLzrrlOvkD5+sHMJKdcQ==</latexit><latexit sha1_base64="2Iw9kykvg1PuuwK0t+kzmF7tgo4=">AAACDnicbVDLSgMxFL1T3/VV3boZLIKrMuNGN4IggssWrBY6RTKZ2zY0yQzJHWsZ5gvc6sqvcSf+gX9jWrvQ6oHA4Zwk954TZ1JYCoJPr7K0vLK6tr5R3dza3tmt7W3d2jQ3HNs8lanpxMyiFBrbJEhiJzPIVCzxLh5dTv27BzRWpPqGJhn2FBto0ReckZNao/taPWgEM/h/STgndZijeb/nVaIk5blCTVwya7uS6cRy5v4umCHBJZbVKLeYMT5iA+w6qplC2ytm65b+kVMSv58adzT5M/Xni4IpaycqdjcVo6Fd9Kbif143p/5ZrxA6ywk1/x7Uz6VPqT/N7ifCICc5cYRxI9yuPh8ywzi5hqqRxjFPlXJxiuiqLKLpgDgurkqXh/CRxiKh4XkYCO1aCxc7+ktuTxph0AhbAazDARzCMYRwChdwDU1oAweEJ3iGF+/Ve/Pev/utePOi9+EXvI8vAIie1Q==</latexit><latexit sha1_base64="2Iw9kykvg1PuuwK0t+kzmF7tgo4=">AAACDnicbVDLSgMxFL1T3/VV3boZLIKrMuNGN4IggssWrBY6RTKZ2zY0yQzJHWsZ5gvc6sqvcSf+gX9jWrvQ6oHA4Zwk954TZ1JYCoJPr7K0vLK6tr5R3dza3tmt7W3d2jQ3HNs8lanpxMyiFBrbJEhiJzPIVCzxLh5dTv27BzRWpPqGJhn2FBto0ReckZNao/taPWgEM/h/STgndZijeb/nVaIk5blCTVwya7uS6cRy5v4umCHBJZbVKLeYMT5iA+w6qplC2ytm65b+kVMSv58adzT5M/Xni4IpaycqdjcVo6Fd9Kbif143p/5ZrxA6ywk1/x7Uz6VPqT/N7ifCICc5cYRxI9yuPh8ywzi5hqqRxjFPlXJxiuiqLKLpgDgurkqXh/CRxiKh4XkYCO1aCxc7+ktuTxph0AhbAazDARzCMYRwChdwDU1oAweEJ3iGF+/Ve/Pev/utePOi9+EXvI8vAIie1Q==</latexit><latexit sha1_base64="8oUuuWuy1fj6plPtigLajWgkr88=">AAACGXicbVA9SwNBEN2L3/Er0dLmMAhW4S6NNkJAApYKxgRyIeztTZIlu3vH7pwxHPcLbLXy19iJrZX/xs1HoYkPFh5vZnbmvTAR3KDnfTuFtfWNza3tneLu3v7BYal89GDiVDNosljEuh1SA4IraCJHAe1EA5WhgFY4up7WW4+gDY/VPU4S6Eo6ULzPGUUr3Y16pYpX9WZwV4m/IBWywG2v7BSCKGapBIVMUGM6gqrIMGr/zqhGzgTkxSA1kFA2ogPoWKqoBNPNZufm7plVIrcfa/sUujP190RGpTETGdpOSXFolmtT8b9aJ8X+ZTfjKkkRFJsv6qfCxdidencjroGhmFhCmeb2VpcNqaYMbULFQMGYxVJaO1nQyLNguiAMs0Zu/SA84ZhHOLzyPa5sav5yRqvkoVb1vap/51XqtUV+2+SEnJJz4pMLUic35JY0CSNAnskLeXXenHfnw/mctxacxcwx+QPn6wfiM6BF</latexit><latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit><latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit><latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit><latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit><latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit><latexit sha1_base64="Iq6orBiUgPvA4ylz24zoQs4duvE=">AAACGXicbVBNSwMxEM3Wr1q/Wj16WSyCp7Irgl6EghQ8tmBboVtKNju1oUl2SWatZekv8Konf4038erJf2P6cdDWB4HHm5nMvBcmghv0vG8nt7a+sbmV3y7s7O7tHxRLhy0Tp5pBk8Ui1vchNSC4giZyFHCfaKAyFNAOhzfTevsRtOGxusNxAl1JHxTvc0bRSo1hr1j2Kt4M7irxF6RMFqj3Sk4uiGKWSlDIBDWmI6iKDKP274xq5EzApBCkBhLKhvQBOpYqKsF0s9m5E/fUKpHbj7V9Ct2Z+nsio9KYsQxtp6Q4MMu1qfhfrZNi/6qbcZWkCIrNF/VT4WLsTr27EdfAUIwtoUxze6vLBlRThjahQqBgxGIprZ0sqE2yYLogDLPaxPpBeMIRj3Bw7Xtc2dT85YxWSeu84nsVv3FRrp4v8suTY3JCzohPLkmV3JI6aRJGgDyTF/LqvDnvzofzOW/NOYuZI/IHztcP43OgSQ==</latexit>

Z1
<latexit sha1_base64="hT675JBPlGAPIRxY0N3BETmo2mE=">AAACG3icbVBNS8NAEN3Ur1q/9eglWARPJSmCXoSCFDwqWis2pWw2k3bp7ibsTtQS+hO86slf4028evDfuK05qPXBwuPNzM68F6aCG/S8T6c0N7+wuFRerqysrq1vbG5tX5sk0wxaLBGJvgmpAcEVtJCjgJtUA5WhgHY4PJ3U23egDU/UFY5S6EraVzzmjKKVLm97fm+z6tW8KdxZ4hekSgqc97acUhAlLJOgkAlqTEdQFRlG7e851ciZgHElyAyklA1pHzqWKirBdPPpwWN33yqRGyfaPoXuVP05kVNpzEiGtlNSHJi/tYn4X62TYXzczblKMwTFvhfFmXAxcSfu3YhrYChGllCmub3VZQOqKUObUSVQcM8SKa2dPGiO82CyIAzz5tj6QXjAex7h4MT3uLKp+X8zmiXX9Zrv1fyLw2qjXuRXJrtkjxwQnxyRBjkj56RFGOmTR/JEnp0X59V5c96/W0tOMbNDfsH5+AIHm6Dc</latexit><latexit sha1_base64="hT675JBPlGAPIRxY0N3BETmo2mE=">AAACG3icbVBNS8NAEN3Ur1q/9eglWARPJSmCXoSCFDwqWis2pWw2k3bp7ibsTtQS+hO86slf4028evDfuK05qPXBwuPNzM68F6aCG/S8T6c0N7+wuFRerqysrq1vbG5tX5sk0wxaLBGJvgmpAcEVtJCjgJtUA5WhgHY4PJ3U23egDU/UFY5S6EraVzzmjKKVLm97fm+z6tW8KdxZ4hekSgqc97acUhAlLJOgkAlqTEdQFRlG7e851ciZgHElyAyklA1pHzqWKirBdPPpwWN33yqRGyfaPoXuVP05kVNpzEiGtlNSHJi/tYn4X62TYXzczblKMwTFvhfFmXAxcSfu3YhrYChGllCmub3VZQOqKUObUSVQcM8SKa2dPGiO82CyIAzz5tj6QXjAex7h4MT3uLKp+X8zmiXX9Zrv1fyLw2qjXuRXJrtkjxwQnxyRBjkj56RFGOmTR/JEnp0X59V5c96/W0tOMbNDfsH5+AIHm6Dc</latexit><latexit sha1_base64="hT675JBPlGAPIRxY0N3BETmo2mE=">AAACG3icbVBNS8NAEN3Ur1q/9eglWARPJSmCXoSCFDwqWis2pWw2k3bp7ibsTtQS+hO86slf4028evDfuK05qPXBwuPNzM68F6aCG/S8T6c0N7+wuFRerqysrq1vbG5tX5sk0wxaLBGJvgmpAcEVtJCjgJtUA5WhgHY4PJ3U23egDU/UFY5S6EraVzzmjKKVLm97fm+z6tW8KdxZ4hekSgqc97acUhAlLJOgkAlqTEdQFRlG7e851ciZgHElyAyklA1pHzqWKirBdPPpwWN33yqRGyfaPoXuVP05kVNpzEiGtlNSHJi/tYn4X62TYXzczblKMwTFvhfFmXAxcSfu3YhrYChGllCmub3VZQOqKUObUSVQcM8SKa2dPGiO82CyIAzz5tj6QXjAex7h4MT3uLKp+X8zmiXX9Zrv1fyLw2qjXuRXJrtkjxwQnxyRBjkj56RFGOmTR/JEnp0X59V5c96/W0tOMbNDfsH5+AIHm6Dc</latexit><latexit sha1_base64="hT675JBPlGAPIRxY0N3BETmo2mE=">AAACG3icbVBNS8NAEN3Ur1q/9eglWARPJSmCXoSCFDwqWis2pWw2k3bp7ibsTtQS+hO86slf4028evDfuK05qPXBwuPNzM68F6aCG/S8T6c0N7+wuFRerqysrq1vbG5tX5sk0wxaLBGJvgmpAcEVtJCjgJtUA5WhgHY4PJ3U23egDU/UFY5S6EraVzzmjKKVLm97fm+z6tW8KdxZ4hekSgqc97acUhAlLJOgkAlqTEdQFRlG7e851ciZgHElyAyklA1pHzqWKirBdPPpwWN33yqRGyfaPoXuVP05kVNpzEiGtlNSHJi/tYn4X62TYXzczblKMwTFvhfFmXAxcSfu3YhrYChGllCmub3VZQOqKUObUSVQcM8SKa2dPGiO82CyIAzz5tj6QXjAex7h4MT3uLKp+X8zmiXX9Zrv1fyLw2qjXuRXJrtkjxwQnxyRBjkj56RFGOmTR/JEnp0X59V5c96/W0tOMbNDfsH5+AIHm6Dc</latexit>

Z2
<latexit sha1_base64="eHpUM0vLwG0U1vThPgNRUd/W3EY=">AAACG3icbVBNS8NAEN3Ur1q/9eglWARPJSmCXgRBCh4r2lZsStlsJu3i7ibsTtQS+hO86slf4028evDfuG1z8OvBwuPNzM68F6aCG/S8T6c0N7+wuFRerqysrq1vbG5tt02SaQYtlohEX4fUgOAKWshRwHWqgcpQQCe8PZvUO3egDU/UFY5S6Ek6UDzmjKKVLm/69f5m1at5U7h/iV+QKinQ7G85pSBKWCZBIRPUmK6gKjKM2t9zqpEzAeNKkBlIKbulA+haqqgE08unB4/dfatEbpxo+xS6U/X7RE6lMSMZ2k5JcWh+1ybif7VuhvFxL+cqzRAUmy2KM+Fi4k7cuxHXwFCMLKFMc3ury4ZUU4Y2o0qg4J4lUlo7edAY58FkQRjmjbH1g/CA9zzC4YnvcWVT839n9Je06zXfq/kXh9XTepFfmeySPXJAfHJETsk5aZIWYWRAHskTeXZenFfnzXmftZacYmaH/IDz8QUJUKDd</latexit><latexit sha1_base64="eHpUM0vLwG0U1vThPgNRUd/W3EY=">AAACG3icbVBNS8NAEN3Ur1q/9eglWARPJSmCXgRBCh4r2lZsStlsJu3i7ibsTtQS+hO86slf4028evDfuG1z8OvBwuPNzM68F6aCG/S8T6c0N7+wuFRerqysrq1vbG5tt02SaQYtlohEX4fUgOAKWshRwHWqgcpQQCe8PZvUO3egDU/UFY5S6Ek6UDzmjKKVLm/69f5m1at5U7h/iV+QKinQ7G85pSBKWCZBIRPUmK6gKjKM2t9zqpEzAeNKkBlIKbulA+haqqgE08unB4/dfatEbpxo+xS6U/X7RE6lMSMZ2k5JcWh+1ybif7VuhvFxL+cqzRAUmy2KM+Fi4k7cuxHXwFCMLKFMc3ury4ZUU4Y2o0qg4J4lUlo7edAY58FkQRjmjbH1g/CA9zzC4YnvcWVT839n9Je06zXfq/kXh9XTepFfmeySPXJAfHJETsk5aZIWYWRAHskTeXZenFfnzXmftZacYmaH/IDz8QUJUKDd</latexit><latexit sha1_base64="eHpUM0vLwG0U1vThPgNRUd/W3EY=">AAACG3icbVBNS8NAEN3Ur1q/9eglWARPJSmCXgRBCh4r2lZsStlsJu3i7ibsTtQS+hO86slf4028evDfuG1z8OvBwuPNzM68F6aCG/S8T6c0N7+wuFRerqysrq1vbG5tt02SaQYtlohEX4fUgOAKWshRwHWqgcpQQCe8PZvUO3egDU/UFY5S6Ek6UDzmjKKVLm/69f5m1at5U7h/iV+QKinQ7G85pSBKWCZBIRPUmK6gKjKM2t9zqpEzAeNKkBlIKbulA+haqqgE08unB4/dfatEbpxo+xS6U/X7RE6lMSMZ2k5JcWh+1ybif7VuhvFxL+cqzRAUmy2KM+Fi4k7cuxHXwFCMLKFMc3ury4ZUU4Y2o0qg4J4lUlo7edAY58FkQRjmjbH1g/CA9zzC4YnvcWVT839n9Je06zXfq/kXh9XTepFfmeySPXJAfHJETsk5aZIWYWRAHskTeXZenFfnzXmftZacYmaH/IDz8QUJUKDd</latexit><latexit sha1_base64="eHpUM0vLwG0U1vThPgNRUd/W3EY=">AAACG3icbVBNS8NAEN3Ur1q/9eglWARPJSmCXgRBCh4r2lZsStlsJu3i7ibsTtQS+hO86slf4028evDfuG1z8OvBwuPNzM68F6aCG/S8T6c0N7+wuFRerqysrq1vbG5tt02SaQYtlohEX4fUgOAKWshRwHWqgcpQQCe8PZvUO3egDU/UFY5S6Ek6UDzmjKKVLm/69f5m1at5U7h/iV+QKinQ7G85pSBKWCZBIRPUmK6gKjKM2t9zqpEzAeNKkBlIKbulA+haqqgE08unB4/dfatEbpxo+xS6U/X7RE6lMSMZ2k5JcWh+1ybif7VuhvFxL+cqzRAUmy2KM+Fi4k7cuxHXwFCMLKFMc3ury4ZUU4Y2o0qg4J4lUlo7edAY58FkQRjmjbH1g/CA9zzC4YnvcWVT839n9Je06zXfq/kXh9XTepFfmeySPXJAfHJETsk5aZIWYWRAHskTeXZenFfnzXmftZacYmaH/IDz8QUJUKDd</latexit>

Cell n controller

…

Cell 1 controller
Cell 2 controller

Cell 3 controller

…

…

Camera

Objective



Closed-Loop Control 
of Single Yeast Cells

Input (light) Output (mRNA)
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What is Engineering Biology? Application Opportunities: Tissue and Organ Engineering

Elective death

Adhesion

Proliferation

Spheriod

Synthetic Morphogenesis

Engineered tissue

Organoid

Wu et al. (2023), Cell Reports

Stem cell differentiation

Proliferation Elective deathElective death Cell fusion Adhesion

De-adhesion  Motility  Boundary shrinkage

Elementary Morphogenetic Behaviors

Davies (2023), Proc. IEEE

Saxena et al (2016), Nat. Comms



Kumar et al. (2024) Nature Comms., in revision 

Opportunities: Tissue and Organ Engineering

Collab. w J. Davies and  M. Zurbriggen (unpublished)
(blue stain indicates dead cells)

Scale bar, 200 µm

Kumar et al. (2024) Nature Comms., in revision 
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What is Engineering Biology? Single-Cell Control: Challenges

‣ Usable wavelengths and penetration‣ Poor understanding of developmental processes 

‣ Performance of optogenetics in mammalian cells 

Light intensity

A
ct

iv
ity

Dynamic performance Phototoxicity Gene Silencing

‣ 3D localized light delivery

Decker & Khammash (unpublished)

Custom Lightsheet microscope



Biomolecular Control

Genetically engineered control systems



Challenges for Genetic Engineering of Functional Circuits

A

B

U

C

Y

D

G

I

HF

Endogenous Network

Synthetic
Control System

Synthetic 
Device 

Unknown 
networksStochastic  

dynamics 

Metabolic  
burden 

Shared  
resources 

Context 
dependence 

Micro- 
environment Crosstalk 

Growth  
dependence 

Imprecise  
components

unmodeled 
interactions

Loading/ 
retroactivity

Mutational  
escape 

Challenges

Rationally design circuits that are: 

‣ robust (uncertainty and noise) 
‣ modular and composable 
‣ context aware 
‣ predictable and reliable 
‣ have small metabolic footprint 

Opportunities (methodology)



Deterministic Models of Chemical Reactions

DDimer

OFF Gene
Gf

Stoichiometry

<latexit sha1_base64="09l5hiMMuoUezXqQLV7xvPiWkUA="></latexit>

S =

�

�����

1 �1 �2 2 0 0 0

0 0 1 �1 �1 �1 1

0 0 0 0 0 �1 1

0 0 0 0 0 1 �1

�

�����

System Dynamics

<latexit sha1_base64="kd+PV46npMm1x0Od932ZiaCrfxk="></latexit>

Ẋ(t) = S �(X(t))Deterministic:

Chemical Reactions 
<latexit sha1_base64="nFI3c0LKWTtcrWBSdoeYEKOAsRo="></latexit>

G �� G + P
<latexit sha1_base64="YbD4PhXsZQDY1LCYuI1fjTPIYmk="></latexit>

�1

<latexit sha1_base64="Cm++bqwotL9D5OJwr0LCd6hSRrQ="></latexit>

P �� �
<latexit sha1_base64="2hsF5QtXA7N6cW/IwV0v5AFNC68="></latexit>

�2

<latexit sha1_base64="xNtTB841+ZhEgBTVpjRlR6yYqMU="></latexit>

2P �� D<latexit sha1_base64="ZgfY2Fc52c8k0ognKJHCBdNMtDM="></latexit>��
<latexit sha1_base64="BGZn7tQAtT6qmQfWk555IUjcPkM="></latexit>

�3
<latexit sha1_base64="oyUbss4SxtsvjW2xUL/WzUAVOkM="></latexit>

�4

<latexit sha1_base64="VkfGUmlLB8my8md/TKWoKQDN3cA="></latexit>

D �� �
<latexit sha1_base64="omTQZP1wZg6bFucBFimRXp9vCX0="></latexit>

�5

<latexit sha1_base64="cVkTlruDpxZzgduH5E4Ye+xRldQ="></latexit>

D + G �� Gf<latexit sha1_base64="ZgfY2Fc52c8k0ognKJHCBdNMtDM="></latexit>��
<latexit sha1_base64="ckVvluJSyiXhMDggL2Lb5NkeAE0="></latexit>

�6
<latexit sha1_base64="towdnrS4hI1ik4rxO/cxyhEoXk4="></latexit>

�7

Concentrations

<latexit sha1_base64="t1rcR6V1dsKKwgFfkGWW4DIc3IY="></latexit>

� R4
�0

<latexit sha1_base64="hSy72CGCOHTyvrGF5A/fwgpwuWQ="></latexit>

X(t) =

�

�����

P (t)

D(t)

G(t)

Gf (t)

�

�����

Reaction Rates
<latexit sha1_base64="AEfHkhqi1ehhERcdVbCwK9ykRlI="></latexit>

�(X(t)) =

�

������������

�1G

�2P

�3P 2

�4D

�5D

�6DG

�7Gf

�

������������

Gene Circuit

ProteinP

P

G
Active Gene



<latexit sha1_base64="Dlj/nbx6fu3L4qMeW2Zh4wL8M5Q="></latexit>

Yk(·) independent unit Poisson processes

# of firings of reaction k in [0,t)
<latexit sha1_base64="7RmFIdPPawVbODCj1s+AYZIFwhA="></latexit>

X(t) = X(0) +
7�

k=1

sk

� �� �

Yk

�� t

0
�k(X(�)d�)

�

System Dynamics

Stochastic Models of Chemical Reactions

DDimer

OFF Gene
Gf

Stoichiometry

<latexit sha1_base64="09l5hiMMuoUezXqQLV7xvPiWkUA="></latexit>

S =

�

�����

1 �1 �2 2 0 0 0

0 0 1 �1 �1 �1 1

0 0 0 0 0 �1 1

0 0 0 0 0 1 �1

�

�����

Chemical Reactions 
<latexit sha1_base64="nFI3c0LKWTtcrWBSdoeYEKOAsRo="></latexit>

G �� G + P
<latexit sha1_base64="YbD4PhXsZQDY1LCYuI1fjTPIYmk="></latexit>

�1

<latexit sha1_base64="Cm++bqwotL9D5OJwr0LCd6hSRrQ="></latexit>

P �� �
<latexit sha1_base64="2hsF5QtXA7N6cW/IwV0v5AFNC68="></latexit>

�2

<latexit sha1_base64="xNtTB841+ZhEgBTVpjRlR6yYqMU="></latexit>

2P �� D<latexit sha1_base64="ZgfY2Fc52c8k0ognKJHCBdNMtDM="></latexit>��
<latexit sha1_base64="BGZn7tQAtT6qmQfWk555IUjcPkM="></latexit>

�3
<latexit sha1_base64="oyUbss4SxtsvjW2xUL/WzUAVOkM="></latexit>

�4

<latexit sha1_base64="VkfGUmlLB8my8md/TKWoKQDN3cA="></latexit>

D �� �
<latexit sha1_base64="omTQZP1wZg6bFucBFimRXp9vCX0="></latexit>

�5

<latexit sha1_base64="cVkTlruDpxZzgduH5E4Ye+xRldQ="></latexit>

D + G �� Gf<latexit sha1_base64="ZgfY2Fc52c8k0ognKJHCBdNMtDM="></latexit>��
<latexit sha1_base64="ckVvluJSyiXhMDggL2Lb5NkeAE0="></latexit>

�6
<latexit sha1_base64="towdnrS4hI1ik4rxO/cxyhEoXk4="></latexit>

�7

Concentrations

<latexit sha1_base64="hSy72CGCOHTyvrGF5A/fwgpwuWQ="></latexit>

X(t) =

�

�����

P (t)

D(t)

G(t)

Gf (t)

�

�����

<latexit sha1_base64="AKtQX43mdzyU2w+AgftKJjTo5OI="></latexit>

� Z4
�0

Reaction Propensities
<latexit sha1_base64="AZFnA+H1ZXifhN81YAJPGnnImMc="></latexit>

�(X(t)) =

�

������������

�1G

�2P

�3P (P � 1)/2

�4D

�5D

�6DG

�7Gf

�

������������

Gene Circuit

ProteinP

P

G
Active Gene

Discrete random variable

is a continuous-time discrete-state Markov process 
<latexit sha1_base64="nS/JdB2w7NoI1aq1bfoS83RHQfA="></latexit>

X(t)



The Biomolecular Regulation Problem

• Stability:  A unique attracting stationary distribution (ergodicity) 

• Set point tracking: a variable of interest,  , is steered to  
a set-point r 

• Robust perfect adaptation (RPA):  is maintained at r in spite of 

‣ constant disturbances  

‣ changes in parameters 

‣ changes in plant network topology

XL

XL

Given a stochastic biochemical reaction network (plant).

setpoint 

Controller network

;
<latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit>

Augment it with a biochemical reaction network (controller)  
such that the composite network (closed-loop) achieves:

<latexit sha1_base64="Y6VNRC1Nvxos3/tlfFWHlaK8ZLw="></latexit>r
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<latexit sha1_base64="//218IOaNuCDCFvEL/UKieWEQ+I=">AAAB/XicdVDLSgNBEJz1GeMr6tHLYCJ4WnaXqPEgBL14jOAmgWQJs5NJMmR2dpnpVUMIfoJX/QBv4tVv8eyPOHkIPgsaiqpuurvCRHANjvNmzc0vLC4tZ1ayq2vrG5u5re2qjlNFmU9jEat6SDQTXDIfOAhWTxQjUShYLeyfj/3aNVOax/IKBgkLItKVvMMpASP5hXrLLbRyecc+KTmed4h/E9d2JsijGSqt3HuzHdM0YhKoIFo3XCeBYEgUcCrYKNsEdgs3vA2906Jd4jLbTDVLCO2TLmsYKknEdDCcXD/C+0Zp406sTEnAE/XrxJBEWg+i0HRGBHr6pzcW//IaKXRKwZDLJAUm6XRRJxUYYjyOAre5YhTEwBBCFTfHY9ojilAwgWVNKp+v4/9J1bPdI7t46eXLZ7N8MmgX7aED5KJjVEYXqIJ8RBFH9+gBPVp31pP1bL1MW+es2cwO+gbr9QM/JJSQ</latexit>

X1
<latexit sha1_base64="iAADJzY+chdmm2i+VxIvgrp1DHs=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBhPB07IJUeNBCHrx4CGCmwSSEGYns8mQ2dllplcNS/ATvOoHeBOvfotnf8TJQ/BZ0FBUddPd5UWCa3CcNys1N7+wuJRezqysrq1vZDe3ajqMFWUuDUWoGh7RTHDJXOAgWCNSjASeYHVvcDb269dMaR7KKxhGrB2QnuQ+pwSM5OYbnYt8J5tz7OOyUywe4N+kYDsT5NAM1U72vdUNaRwwCVQQrZsFJ4J2QhRwKtgo0wJ2Cze8C/2Tkl3mMtOKNYsIHZAeaxoqScB0O5lcP8J7RuliP1SmJOCJ+nUiIYHWw8AznQGBvv7pjcW/vGYMfrmdcBnFwCSdLvJjgSHE4yhwlytGQQwNIVRxczymfaIIBRNYxqTy+Tr+n9SKduHQLl0Wc5XTWT5ptIN20T4qoCNUQeeoilxEEUf36AE9WnfWk/VsvUxbU9ZsZht9g/X6AWn2lKs=</latexit>

XL;
<latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit>

…

Problem Statement



A Molecular Motif for RPA: Antithetic Integral Feedback

Briat, Gupta, Khammash, Cell Systems (2016)

Antithetic Controller

Controller Implements Integral Control

<latexit sha1_base64="qzey7yoe/xCAavXosbYS/NTsN0A="></latexit>

The set-point is determined by r =
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<latexit sha1_base64="//218IOaNuCDCFvEL/UKieWEQ+I=">AAAB/XicdVDLSgNBEJz1GeMr6tHLYCJ4WnaXqPEgBL14jOAmgWQJs5NJMmR2dpnpVUMIfoJX/QBv4tVv8eyPOHkIPgsaiqpuurvCRHANjvNmzc0vLC4tZ1ayq2vrG5u5re2qjlNFmU9jEat6SDQTXDIfOAhWTxQjUShYLeyfj/3aNVOax/IKBgkLItKVvMMpASP5hXrLLbRyecc+KTmed4h/E9d2JsijGSqt3HuzHdM0YhKoIFo3XCeBYEgUcCrYKNsEdgs3vA2906Jd4jLbTDVLCO2TLmsYKknEdDCcXD/C+0Zp406sTEnAE/XrxJBEWg+i0HRGBHr6pzcW//IaKXRKwZDLJAUm6XRRJxUYYjyOAre5YhTEwBBCFTfHY9ojilAwgWVNKp+v4/9J1bPdI7t46eXLZ7N8MmgX7aED5KJjVEYXqIJ8RBFH9+gBPVp31pP1bL1MW+es2cwO+gbr9QM/JJSQ</latexit>

X1
<latexit sha1_base64="iAADJzY+chdmm2i+VxIvgrp1DHs=">AAAB/XicdVDLSgNBEJyNrxhfUY9eBhPB07IJUeNBCHrx4CGCmwSSEGYns8mQ2dllplcNS/ATvOoHeBOvfotnf8TJQ/BZ0FBUddPd5UWCa3CcNys1N7+wuJRezqysrq1vZDe3ajqMFWUuDUWoGh7RTHDJXOAgWCNSjASeYHVvcDb269dMaR7KKxhGrB2QnuQ+pwSM5OYbnYt8J5tz7OOyUywe4N+kYDsT5NAM1U72vdUNaRwwCVQQrZsFJ4J2QhRwKtgo0wJ2Cze8C/2Tkl3mMtOKNYsIHZAeaxoqScB0O5lcP8J7RuliP1SmJOCJ+nUiIYHWw8AznQGBvv7pjcW/vGYMfrmdcBnFwCSdLvJjgSHE4yhwlytGQQwNIVRxczymfaIIBRNYxqTy+Tr+n9SKduHQLl0Wc5XTWT5ptIN20T4qoCNUQeeoilxEEUf36AE9WnfWk/VsvUxbU9ZsZht9g/X6AWn2lKs=</latexit>

XL;
<latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit>

…

Z1
<latexit sha1_base64="pb3eXnWB49J+3k9K95YrEw4jsuA=">AAACGnicbVDLSsNAFJ2pr1pfVTeCm2ARXJVEBN0IghRcVrQqNqVMJjft4MwkZG7UEvoJbnXj17gTt278G6dtFmo9MHA45z7mniCRwqDrftHSzOzc/EJ5sbK0vLK6Vl3fuDJxlnJo8VjG6U3ADEihoYUCJdwkKTAVSLgO7k5H/vU9pEbE+hIHCXQU62kRCc7QShe3Xa9brbl1dwxnmngFqZECze46pX4Y80yBRi6ZMW3JdGg4s9NzI0UIZljxMwMJ43esB21LNVNgOvn4v0Nn1yqhE8WpfRqdsfqzI2fKmIEKbKVi2Dd/vZH4n9fOMDrq5EInGYLmk0VRJh2MndHxTihS4CgHljCeChTc4X2WMo42ooqv4YHHStlrcr8xzP3RgiDIG0N7D8IjPogQ+8eeK7QNzfsb0TS52q97bt07P6idbBXxlck22SF7xCOH5ISckSZpEU565Ik8kxf6St/oO/2YlJZo0bNJfoF+fgNBuqBc</latexit><latexit sha1_base64="pb3eXnWB49J+3k9K95YrEw4jsuA=">AAACGnicbVDLSsNAFJ2pr1pfVTeCm2ARXJVEBN0IghRcVrQqNqVMJjft4MwkZG7UEvoJbnXj17gTt278G6dtFmo9MHA45z7mniCRwqDrftHSzOzc/EJ5sbK0vLK6Vl3fuDJxlnJo8VjG6U3ADEihoYUCJdwkKTAVSLgO7k5H/vU9pEbE+hIHCXQU62kRCc7QShe3Xa9brbl1dwxnmngFqZECze46pX4Y80yBRi6ZMW3JdGg4s9NzI0UIZljxMwMJ43esB21LNVNgOvn4v0Nn1yqhE8WpfRqdsfqzI2fKmIEKbKVi2Dd/vZH4n9fOMDrq5EInGYLmk0VRJh2MndHxTihS4CgHljCeChTc4X2WMo42ooqv4YHHStlrcr8xzP3RgiDIG0N7D8IjPogQ+8eeK7QNzfsb0TS52q97bt07P6idbBXxlck22SF7xCOH5ISckSZpEU565Ik8kxf6St/oO/2YlJZo0bNJfoF+fgNBuqBc</latexit><latexit sha1_base64="pb3eXnWB49J+3k9K95YrEw4jsuA=">AAACGnicbVDLSsNAFJ2pr1pfVTeCm2ARXJVEBN0IghRcVrQqNqVMJjft4MwkZG7UEvoJbnXj17gTt278G6dtFmo9MHA45z7mniCRwqDrftHSzOzc/EJ5sbK0vLK6Vl3fuDJxlnJo8VjG6U3ADEihoYUCJdwkKTAVSLgO7k5H/vU9pEbE+hIHCXQU62kRCc7QShe3Xa9brbl1dwxnmngFqZECze46pX4Y80yBRi6ZMW3JdGg4s9NzI0UIZljxMwMJ43esB21LNVNgOvn4v0Nn1yqhE8WpfRqdsfqzI2fKmIEKbKVi2Dd/vZH4n9fOMDrq5EInGYLmk0VRJh2MndHxTihS4CgHljCeChTc4X2WMo42ooqv4YHHStlrcr8xzP3RgiDIG0N7D8IjPogQ+8eeK7QNzfsb0TS52q97bt07P6idbBXxlck22SF7xCOH5ISckSZpEU565Ik8kxf6St/oO/2YlJZo0bNJfoF+fgNBuqBc</latexit><latexit sha1_base64="pb3eXnWB49J+3k9K95YrEw4jsuA=">AAACGnicbVDLSsNAFJ2pr1pfVTeCm2ARXJVEBN0IghRcVrQqNqVMJjft4MwkZG7UEvoJbnXj17gTt278G6dtFmo9MHA45z7mniCRwqDrftHSzOzc/EJ5sbK0vLK6Vl3fuDJxlnJo8VjG6U3ADEihoYUCJdwkKTAVSLgO7k5H/vU9pEbE+hIHCXQU62kRCc7QShe3Xa9brbl1dwxnmngFqZECze46pX4Y80yBRi6ZMW3JdGg4s9NzI0UIZljxMwMJ43esB21LNVNgOvn4v0Nn1yqhE8WpfRqdsfqzI2fKmIEKbKVi2Dd/vZH4n9fOMDrq5EInGYLmk0VRJh2MndHxTihS4CgHljCeChTc4X2WMo42ooqv4YHHStlrcr8xzP3RgiDIG0N7D8IjPogQ+8eeK7QNzfsb0TS52q97bt07P6idbBXxlck22SF7xCOH5ISckSZpEU565Ik8kxf6St/oO/2YlJZo0bNJfoF+fgNBuqBc</latexit>

µ
<latexit sha1_base64="5aTRwNp3GwD/ODWyXkLULFsWFq4=">AAACGnicbVDLSsNAFJ3xbX21unQTLIKrkoigG6EoBZeKtgpNKZPJbTs4MwmZG2sJ/QS3uvFr3IlbN/6NkzYLrR4YOJxzH3NPEEth0HW/6Nz8wuLS8spqaW19Y3OrXNlumShNODR5JKPkLmAGpNDQRIES7uIEmAok3Ab357l/+wCJEZG+wVEMHcX6WvQEZ2ila1+l3XLVrbkTOH+JV5AqKXDZrVDqhxFPFWjkkhnTlkyHhjM7PTNShGDGJT81EDN+z/rQtlQzBaaTTf47dvatEjq9KLFPozNRf3ZkTBkzUoGtVAwHZtbLxf+8doq9k04mdJwiaD5d1Eulg5GTH++EIgGOcmQJ44lAwR0+YAnjaCMq+RqGPFLKXpP5jXHm5wuCIGuM7T0IjzgUIQ5OPVdoG5o3G9Ff0jqseW7Nuzqq1s+K+FbILtkjB8Qjx6ROLsglaRJO+uSJPJMX+krf6Dv9mJbO0aJnh/wC/fwG3X6g2g==</latexit><latexit sha1_base64="5aTRwNp3GwD/ODWyXkLULFsWFq4=">AAACGnicbVDLSsNAFJ3xbX21unQTLIKrkoigG6EoBZeKtgpNKZPJbTs4MwmZG2sJ/QS3uvFr3IlbN/6NkzYLrR4YOJxzH3NPEEth0HW/6Nz8wuLS8spqaW19Y3OrXNlumShNODR5JKPkLmAGpNDQRIES7uIEmAok3Ab357l/+wCJEZG+wVEMHcX6WvQEZ2ila1+l3XLVrbkTOH+JV5AqKXDZrVDqhxFPFWjkkhnTlkyHhjM7PTNShGDGJT81EDN+z/rQtlQzBaaTTf47dvatEjq9KLFPozNRf3ZkTBkzUoGtVAwHZtbLxf+8doq9k04mdJwiaD5d1Eulg5GTH++EIgGOcmQJ44lAwR0+YAnjaCMq+RqGPFLKXpP5jXHm5wuCIGuM7T0IjzgUIQ5OPVdoG5o3G9Ff0jqseW7Nuzqq1s+K+FbILtkjB8Qjx6ROLsglaRJO+uSJPJMX+krf6Dv9mJbO0aJnh/wC/fwG3X6g2g==</latexit><latexit sha1_base64="5aTRwNp3GwD/ODWyXkLULFsWFq4=">AAACGnicbVDLSsNAFJ3xbX21unQTLIKrkoigG6EoBZeKtgpNKZPJbTs4MwmZG2sJ/QS3uvFr3IlbN/6NkzYLrR4YOJxzH3NPEEth0HW/6Nz8wuLS8spqaW19Y3OrXNlumShNODR5JKPkLmAGpNDQRIES7uIEmAok3Ab357l/+wCJEZG+wVEMHcX6WvQEZ2ila1+l3XLVrbkTOH+JV5AqKXDZrVDqhxFPFWjkkhnTlkyHhjM7PTNShGDGJT81EDN+z/rQtlQzBaaTTf47dvatEjq9KLFPozNRf3ZkTBkzUoGtVAwHZtbLxf+8doq9k04mdJwiaD5d1Eulg5GTH++EIgGOcmQJ44lAwR0+YAnjaCMq+RqGPFLKXpP5jXHm5wuCIGuM7T0IjzgUIQ5OPVdoG5o3G9Ff0jqseW7Nuzqq1s+K+FbILtkjB8Qjx6ROLsglaRJO+uSJPJMX+krf6Dv9mJbO0aJnh/wC/fwG3X6g2g==</latexit><latexit sha1_base64="5aTRwNp3GwD/ODWyXkLULFsWFq4=">AAACGnicbVDLSsNAFJ3xbX21unQTLIKrkoigG6EoBZeKtgpNKZPJbTs4MwmZG2sJ/QS3uvFr3IlbN/6NkzYLrR4YOJxzH3NPEEth0HW/6Nz8wuLS8spqaW19Y3OrXNlumShNODR5JKPkLmAGpNDQRIES7uIEmAok3Ab357l/+wCJEZG+wVEMHcX6WvQEZ2ila1+l3XLVrbkTOH+JV5AqKXDZrVDqhxFPFWjkkhnTlkyHhjM7PTNShGDGJT81EDN+z/rQtlQzBaaTTf47dvatEjq9KLFPozNRf3ZkTBkzUoGtVAwHZtbLxf+8doq9k04mdJwiaD5d1Eulg5GTH++EIgGOcmQJ44lAwR0+YAnjaCMq+RqGPFLKXpP5jXHm5wuCIGuM7T0IjzgUIQ5OPVdoG5o3G9Ff0jqseW7Nuzqq1s+K+FbILtkjB8Qjx6ROLsglaRJO+uSJPJMX+krf6Dv9mJbO0aJnh/wC/fwG3X6g2g==</latexit> ;

<latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit>

;
<latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit>

⌘
<latexit sha1_base64="w0YO56B8RNUj12kVwJuvwBMGIps=">AAACG3icbVDLSgMxFE3qq9ZX1Y3gZrAIrsqMCLoRCiK4rGBtoVNKJnPbhiaZYXLHWob+glvd+DXuxK0L/8ZM7UJbDwQO59xH7gliKQy67hctLC2vrK4V10sbm1vbO+XdvXsTpQmHBo9klLQCZkAKDQ0UKKEVJ8BUIKEZDK9yv/kAiRGRvsNxDB3F+lr0BGeYSz4g65YrbtWdwlkk3oxUyAz17i6lfhjxVIFGLpkxbcl0aDiz4zMjRQhmUvJTAzHjQ9aHtqWaKTCdbPrhiXNsldDpRYl9Gp2p+rsjY8qYsQpspWI4MPNeLv7ntVPsXXQyoeMUQfOfRb1UOhg5+fVOKBLgKMeWMJ4IFNzhA5Ywjjajkq9hxCOl7DWZfz3J/HxBEGTXE3sPwiOORIiDS88V2obmzUe0SO5Pq55b9W7PKrWDWXxFckiOyAnxyDmpkRtSJw3CyYA8kWfyQl/pG32nHz+lBTrr2Sd/QD+/AY0QoRI=</latexit><latexit sha1_base64="w0YO56B8RNUj12kVwJuvwBMGIps=">AAACG3icbVDLSgMxFE3qq9ZX1Y3gZrAIrsqMCLoRCiK4rGBtoVNKJnPbhiaZYXLHWob+glvd+DXuxK0L/8ZM7UJbDwQO59xH7gliKQy67hctLC2vrK4V10sbm1vbO+XdvXsTpQmHBo9klLQCZkAKDQ0UKKEVJ8BUIKEZDK9yv/kAiRGRvsNxDB3F+lr0BGeYSz4g65YrbtWdwlkk3oxUyAz17i6lfhjxVIFGLpkxbcl0aDiz4zMjRQhmUvJTAzHjQ9aHtqWaKTCdbPrhiXNsldDpRYl9Gp2p+rsjY8qYsQpspWI4MPNeLv7ntVPsXXQyoeMUQfOfRb1UOhg5+fVOKBLgKMeWMJ4IFNzhA5Ywjjajkq9hxCOl7DWZfz3J/HxBEGTXE3sPwiOORIiDS88V2obmzUe0SO5Pq55b9W7PKrWDWXxFckiOyAnxyDmpkRtSJw3CyYA8kWfyQl/pG32nHz+lBTrr2Sd/QD+/AY0QoRI=</latexit><latexit sha1_base64="w0YO56B8RNUj12kVwJuvwBMGIps=">AAACG3icbVDLSgMxFE3qq9ZX1Y3gZrAIrsqMCLoRCiK4rGBtoVNKJnPbhiaZYXLHWob+glvd+DXuxK0L/8ZM7UJbDwQO59xH7gliKQy67hctLC2vrK4V10sbm1vbO+XdvXsTpQmHBo9klLQCZkAKDQ0UKKEVJ8BUIKEZDK9yv/kAiRGRvsNxDB3F+lr0BGeYSz4g65YrbtWdwlkk3oxUyAz17i6lfhjxVIFGLpkxbcl0aDiz4zMjRQhmUvJTAzHjQ9aHtqWaKTCdbPrhiXNsldDpRYl9Gp2p+rsjY8qYsQpspWI4MPNeLv7ntVPsXXQyoeMUQfOfRb1UOhg5+fVOKBLgKMeWMJ4IFNzhA5Ywjjajkq9hxCOl7DWZfz3J/HxBEGTXE3sPwiOORIiDS88V2obmzUe0SO5Pq55b9W7PKrWDWXxFckiOyAnxyDmpkRtSJw3CyYA8kWfyQl/pG32nHz+lBTrr2Sd/QD+/AY0QoRI=</latexit><latexit sha1_base64="w0YO56B8RNUj12kVwJuvwBMGIps=">AAACG3icbVDLSgMxFE3qq9ZX1Y3gZrAIrsqMCLoRCiK4rGBtoVNKJnPbhiaZYXLHWob+glvd+DXuxK0L/8ZM7UJbDwQO59xH7gliKQy67hctLC2vrK4V10sbm1vbO+XdvXsTpQmHBo9klLQCZkAKDQ0UKKEVJ8BUIKEZDK9yv/kAiRGRvsNxDB3F+lr0BGeYSz4g65YrbtWdwlkk3oxUyAz17i6lfhjxVIFGLpkxbcl0aDiz4zMjRQhmUvJTAzHjQ9aHtqWaKTCdbPrhiXNsldDpRYl9Gp2p+rsjY8qYsQpspWI4MPNeLv7ntVPsXXQyoeMUQfOfRb1UOhg5+fVOKBLgKMeWMJ4IFNzhA5Ywjjajkq9hxCOl7DWZfz3J/HxBEGTXE3sPwiOORIiDS88V2obmzUe0SO5Pq55b9W7PKrWDWXxFckiOyAnxyDmpkRtSJw3CyYA8kWfyQl/pG32nHz+lBTrr2Sd/QD+/AY0QoRI=</latexit>

✓XL
<latexit sha1_base64="XyVPH07UMPj2GV9pUhUVxJ7Cack=">AAACIXicbVDLSgMxFE181vpqdSO4CRbBVZkRQTeCIAUXLhSsFjulZDK3bWiSGSZ3rGXoX7jVjV/jTtyJP2Nau/B1IHA4515O7gkTJS163judmZ2bX1gsLBWXV1bX1kvljWsbZ6mAuohVnDZCbkFJA3WUqKCRpMB1qOAm7J+O/Zs7SK2MzRUOE2hp3jWyIwVHJ90G2APkrNE+b5cqXtWbgP0l/pRUyBQX7TKlQRSLTINBobi1TcVNZAV3IblVMgI7KgaZhYSLPu9C01HDNdhWPvn2iO06JWKdOHXPIJuo3zdyrq0d6tBNao49+9sbi/95zQw7R61cmiRDMOIrqJMphjEbd8AimYJANXSEi1SiFEz0eMoFuqaKgYGBiLV21+RBbZQH44AwzGsjdw/CPQ5khL1j35PGleb/rugvud6v+l7VvzyonGxN6yuQbbJD9ohPDskJOSMXpE4EMeSBPJIn+kxf6Ct9+xqdodOdTfID9OMT4UmjTQ==</latexit><latexit sha1_base64="XyVPH07UMPj2GV9pUhUVxJ7Cack=">AAACIXicbVDLSgMxFE181vpqdSO4CRbBVZkRQTeCIAUXLhSsFjulZDK3bWiSGSZ3rGXoX7jVjV/jTtyJP2Nau/B1IHA4515O7gkTJS163judmZ2bX1gsLBWXV1bX1kvljWsbZ6mAuohVnDZCbkFJA3WUqKCRpMB1qOAm7J+O/Zs7SK2MzRUOE2hp3jWyIwVHJ90G2APkrNE+b5cqXtWbgP0l/pRUyBQX7TKlQRSLTINBobi1TcVNZAV3IblVMgI7KgaZhYSLPu9C01HDNdhWPvn2iO06JWKdOHXPIJuo3zdyrq0d6tBNao49+9sbi/95zQw7R61cmiRDMOIrqJMphjEbd8AimYJANXSEi1SiFEz0eMoFuqaKgYGBiLV21+RBbZQH44AwzGsjdw/CPQ5khL1j35PGleb/rugvud6v+l7VvzyonGxN6yuQbbJD9ohPDskJOSMXpE4EMeSBPJIn+kxf6Ct9+xqdodOdTfID9OMT4UmjTQ==</latexit><latexit sha1_base64="XyVPH07UMPj2GV9pUhUVxJ7Cack=">AAACIXicbVDLSgMxFE181vpqdSO4CRbBVZkRQTeCIAUXLhSsFjulZDK3bWiSGSZ3rGXoX7jVjV/jTtyJP2Nau/B1IHA4515O7gkTJS163judmZ2bX1gsLBWXV1bX1kvljWsbZ6mAuohVnDZCbkFJA3WUqKCRpMB1qOAm7J+O/Zs7SK2MzRUOE2hp3jWyIwVHJ90G2APkrNE+b5cqXtWbgP0l/pRUyBQX7TKlQRSLTINBobi1TcVNZAV3IblVMgI7KgaZhYSLPu9C01HDNdhWPvn2iO06JWKdOHXPIJuo3zdyrq0d6tBNao49+9sbi/95zQw7R61cmiRDMOIrqJMphjEbd8AimYJANXSEi1SiFEz0eMoFuqaKgYGBiLV21+RBbZQH44AwzGsjdw/CPQ5khL1j35PGleb/rugvud6v+l7VvzyonGxN6yuQbbJD9ohPDskJOSMXpE4EMeSBPJIn+kxf6Ct9+xqdodOdTfID9OMT4UmjTQ==</latexit>

actuation
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setpoint 

Antithetic integral control architecture

Controller network

;
<latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit>
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<latexit sha1_base64="dp6wJYd082/AQ9qXUue3fcSnqDg=">AAACGnicbVDLSsNAFJ3xWeur6kZwEyyCq5KIoBtBkILLitYWm1Imk5t2cGYSMjdqCf0Et7rxa9yJWzf+jZO2C18HBg7n3MfcEyRSGHTdTzozOze/sFhaKi+vrK6tVzY2r02cpRyaPJZx2g6YASk0NFGghHaSAlOBhFZwe1b4rTtIjYj1FQ4T6CrW1yISnKGVLm96B71K1a25Yzh/iTclVTJFo7dBqR/GPFOgkUtmTEcyHRrO7PTcSBGCGZX9zEDC+C3rQ8dSzRSYbj7+78jZs0roRHFqn0ZnrH7vyJkyZqgCW6kYDsxvrxD/8zoZRsfdXOgkQ9B8sijKpIOxUxzvhCIFjnJoCeOpQMEdPmAp42gjKvsa7nmslL0m9+uj3C8WBEFeH9l7EB7wXoQ4OPFcoW1o3u+I/pLrg5rn1ryLw+rp9jS+Etkhu2SfeOSInJJz0iBNwkmfPJIn8kxf6Ct9o++T0hk67dkiP0A/vgBDbqBd</latexit><latexit sha1_base64="dp6wJYd082/AQ9qXUue3fcSnqDg=">AAACGnicbVDLSsNAFJ3xWeur6kZwEyyCq5KIoBtBkILLitYWm1Imk5t2cGYSMjdqCf0Et7rxa9yJWzf+jZO2C18HBg7n3MfcEyRSGHTdTzozOze/sFhaKi+vrK6tVzY2r02cpRyaPJZx2g6YASk0NFGghHaSAlOBhFZwe1b4rTtIjYj1FQ4T6CrW1yISnKGVLm96B71K1a25Yzh/iTclVTJFo7dBqR/GPFOgkUtmTEcyHRrO7PTcSBGCGZX9zEDC+C3rQ8dSzRSYbj7+78jZs0roRHFqn0ZnrH7vyJkyZqgCW6kYDsxvrxD/8zoZRsfdXOgkQ9B8sijKpIOxUxzvhCIFjnJoCeOpQMEdPmAp42gjKvsa7nmslL0m9+uj3C8WBEFeH9l7EB7wXoQ4OPFcoW1o3u+I/pLrg5rn1ryLw+rp9jS+Etkhu2SfeOSInJJz0iBNwkmfPJIn8kxf6Ct9o++T0hk67dkiP0A/vgBDbqBd</latexit><latexit sha1_base64="dp6wJYd082/AQ9qXUue3fcSnqDg=">AAACGnicbVDLSsNAFJ3xWeur6kZwEyyCq5KIoBtBkILLitYWm1Imk5t2cGYSMjdqCf0Et7rxa9yJWzf+jZO2C18HBg7n3MfcEyRSGHTdTzozOze/sFhaKi+vrK6tVzY2r02cpRyaPJZx2g6YASk0NFGghHaSAlOBhFZwe1b4rTtIjYj1FQ4T6CrW1yISnKGVLm96B71K1a25Yzh/iTclVTJFo7dBqR/GPFOgkUtmTEcyHRrO7PTcSBGCGZX9zEDC+C3rQ8dSzRSYbj7+78jZs0roRHFqn0ZnrH7vyJkyZqgCW6kYDsxvrxD/8zoZRsfdXOgkQ9B8sijKpIOxUxzvhCIFjnJoCeOpQMEdPmAp42gjKvsa7nmslL0m9+uj3C8WBEFeH9l7EB7wXoQ4OPFcoW1o3u+I/pLrg5rn1ryLw+rp9jS+Etkhu2SfeOSInJJz0iBNwkmfPJIn8kxf6Ct9o++T0hk67dkiP0A/vgBDbqBd</latexit><latexit sha1_base64="dp6wJYd082/AQ9qXUue3fcSnqDg=">AAACGnicbVDLSsNAFJ3xWeur6kZwEyyCq5KIoBtBkILLitYWm1Imk5t2cGYSMjdqCf0Et7rxa9yJWzf+jZO2C18HBg7n3MfcEyRSGHTdTzozOze/sFhaKi+vrK6tVzY2r02cpRyaPJZx2g6YASk0NFGghHaSAlOBhFZwe1b4rTtIjYj1FQ4T6CrW1yISnKGVLm96B71K1a25Yzh/iTclVTJFo7dBqR/GPFOgkUtmTEcyHRrO7PTcSBGCGZX9zEDC+C3rQ8dSzRSYbj7+78jZs0roRHFqn0ZnrH7vyJkyZqgCW6kYDsxvrxD/8zoZRsfdXOgkQ9B8sijKpIOxUxzvhCIFjnJoCeOpQMEdPmAp42gjKvsa7nmslL0m9+uj3C8WBEFeH9l7EB7wXoQ4OPFcoW1o3u+I/pLrg5rn1ryLw+rp9jS+Etkhu2SfeOSInJJz0iBNwkmfPJIn8kxf6Ct9o++T0hk67dkiP0A/vgBDbqBd</latexit>

<latexit sha1_base64="aVv2zOQYXjFscbhl+zJIf5GFbIo="></latexit>
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<latexit sha1_base64="c8Xc+zNA+aFeKXYzF5KRmNzgQLU=">AAAB8HicbVDLSgMxFM34rPVVdekmWAQXUuaB7bgrunEjVLAPaYeSSdM2NJkMSUYoQ7/CjQtF3Po57vwb0+kgvg5cOJxzL/feE8aMKm3bH9bS8srq2npho7i5tb2zW9rbbymRSEyaWDAhOyFShNGINDXVjHRiSRAPGWmHk8u5374nUlER3eppTAKORhEdUoy0ke6uhSTC+Kf9Utmu2BngX+LkpAxyNPql995A4ISTSGOGlOo6dqyDFElNMSOzYi9RJEZ4gkaka2iEOFFBmh08g8dGGcChkKYiDTP1+0SKuFJTHppOjvRY/fbm4n9eN9FDP0hpFCeaRHixaJgwqAWcfw8HVBKs2dQQhCU1t0I8RhJhbTIqZiH4ruc5vvn93LNdxzXEr3lO1fkKoeVWnGrl7MYt1y/yOArgEByBE+CAGqiDK9AATYABBw/gCTxb0nq0XqzXReuSlc8cgB+w3j4By2eQmA==</latexit>

Moreover,



Universality of the Antithetic Integral Controller

Theorem (Universality):
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<latexit sha1_base64="CWq0D9uOPpLePOt9g5evEzQCU4s="></latexit><latexit sha1_base64="CWq0D9uOPpLePOt9g5evEzQCU4s="></latexit><latexit sha1_base64="CWq0D9uOPpLePOt9g5evEzQCU4s="></latexit><latexit sha1_base64="CWq0D9uOPpLePOt9g5evEzQCU4s="></latexit>
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<latexit sha1_base64="fAXJuXYBRLli8FiLGXovRyPVowk="></latexit><latexit sha1_base64="fAXJuXYBRLli8FiLGXovRyPVowk="></latexit><latexit sha1_base64="fAXJuXYBRLli8FiLGXovRyPVowk="></latexit><latexit sha1_base64="fAXJuXYBRLli8FiLGXovRyPVowk="></latexit>

C ;
<latexit sha1_base64="raOjoHaU+h5HG5i0ABBnf5DQ5hI="></latexit><latexit sha1_base64="raOjoHaU+h5HG5i0ABBnf5DQ5hI="></latexit><latexit sha1_base64="raOjoHaU+h5HG5i0ABBnf5DQ5hI="></latexit><latexit sha1_base64="raOjoHaU+h5HG5i0ABBnf5DQ5hI="></latexit>
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<latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit>

<latexit sha1_base64="Y6VNRC1Nvxos3/tlfFWHlaK8ZLw="></latexit>r
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<latexit sha1_base64="//218IOaNuCDCFvEL/UKieWEQ+I=">AAAB/XicdVDLSgNBEJz1GeMr6tHLYCJ4WnaXqPEgBL14jOAmgWQJs5NJMmR2dpnpVUMIfoJX/QBv4tVv8eyPOHkIPgsaiqpuurvCRHANjvNmzc0vLC4tZ1ayq2vrG5u5re2qjlNFmU9jEat6SDQTXDIfOAhWTxQjUShYLeyfj/3aNVOax/IKBgkLItKVvMMpASP5hXrLLbRyecc+KTmed4h/E9d2JsijGSqt3HuzHdM0YhKoIFo3XCeBYEgUcCrYKNsEdgs3vA2906Jd4jLbTDVLCO2TLmsYKknEdDCcXD/C+0Zp406sTEnAE/XrxJBEWg+i0HRGBHr6pzcW//IaKXRKwZDLJAUm6XRRJxUYYjyOAre5YhTEwBBCFTfHY9ojilAwgWVNKp+v4/9J1bPdI7t46eXLZ7N8MmgX7aED5KJjVEYXqIJ8RBFH9+gBPVp31pP1bL1MW+es2cwO+gbr9QM/JJSQ</latexit>
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<latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit><latexit sha1_base64="WlvTvIWWr1qfhQ6slNlI+jjHN1U=">AAACIXicbVBNS8NAFNz1s9avqkcvwSJ4KokIehGKUvCoYG2xKbLZvNjF3U3Ivqgh9F941Yu/xpt4E/+Mm7YHtQ4sDDPvMfsmSKQw6LqfdGZ2bn5hsbJUXV5ZXVuvbWxemThLObR5LOO0GzADUmhoo0AJ3SQFpgIJneDutPQ795AaEetLzBPoK3arRSQ4Qytd+6ASzA1g9aZWdxvuCM408SakTiY4v9mg1A9jninQyCUzpieZDg1nNqQwUoRghlU/M5AwfsduoWepZgpMvxh9e+jsWiV0oji1T6MzUn9uFEwZk6vATiqGA/PXK8X/vF6G0VG/EDrJEDQfB0WZdDB2yg6cUKTAUeaWMJ4KFNzhA5Yyjrapqq/hgcdK2WsKvzUs/DIgCIrW0N6D8IgPIsTBsecKbUvz/lY0Ta72G57b8C4O6s2TSX0Vsk12yB7xyCFpkjNyTtqEE02eyDN5oa/0jb7Tj/HoDJ3sbJFfoF/fcN+jww==</latexit>

…

Aoki, Lillacci, Gupta, Baumschlager, Schweingruber, & Khammash, Nature, 2019.

<latexit sha1_base64="t3BaowZHrPRO5E6sSVEO49EzEWs="></latexit>

Every controller that achieves RPA must imbed
an antithetic controller.
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Characterizing maxRPA Networks: Deterministic Setting
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<latexit sha1_base64="RF1oTwrvo13tg2MfPvbq2iusop0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv5WTeiZhiEpD3tXfbKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzjHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anki3BW/7yKmleVD236j1cVWq3izqKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2P+WjBWewcwx84nz9WWpHM</latexit><latexit sha1_base64="RF1oTwrvo13tg2MfPvbq2iusop0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv5WTeiZhiEpD3tXfbKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzjHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anki3BW/7yKmleVD236j1cVWq3izqKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2P+WjBWewcwx84nz9WWpHM</latexit><latexit sha1_base64="RF1oTwrvo13tg2MfPvbq2iusop0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv5WTeiZhiEpD3tXfbKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzjHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anki3BW/7yKmleVD236j1cVWq3izqKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2P+WjBWewcwx84nz9WWpHM</latexit><latexit sha1_base64="RF1oTwrvo13tg2MfPvbq2iusop0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv5WTeiZhiEpD3tXfbKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzjHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anki3BW/7yKmleVD236j1cVWq3izqKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2P+WjBWewcwx84nz9WWpHM</latexit>

X2
<latexit sha1_base64="w7iw55LCO+eYyyozotFIKU5Rnd8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZdFNy4r2Ae0Q8mkd9rQTGZMMoUy9DvcuFDErR/jzr8x03ahrQcCh3Pu5Z6cIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxXe63J6g0j+WjmSboR3QoecgZNVbys15EzSgISWfWr/XLFbfqzkHWibckFVii0S9/9QYxSyOUhgmqdddzE+NnVBnOBM5KvVRjQtmYDrFrqaQRaj+bh56RC6sMSBgr+6Qhc/X3RkYjradRYCfzjHrVy8X/vG5qwhs/4zJJDUq2OBSmgpiY5A2QAVfIjJhaQpniNithI6ooM7anki3BW/3yOmnVqp5b9R6uKvXbZR1FOINzuAQPrqEO99CAJjB4gmd4hTdn4rw4787HYrTgLHdO4Q+czx9U1pHL</latexit><latexit sha1_base64="w7iw55LCO+eYyyozotFIKU5Rnd8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZdFNy4r2Ae0Q8mkd9rQTGZMMoUy9DvcuFDErR/jzr8x03ahrQcCh3Pu5Z6cIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxXe63J6g0j+WjmSboR3QoecgZNVbys15EzSgISWfWr/XLFbfqzkHWibckFVii0S9/9QYxSyOUhgmqdddzE+NnVBnOBM5KvVRjQtmYDrFrqaQRaj+bh56RC6sMSBgr+6Qhc/X3RkYjradRYCfzjHrVy8X/vG5qwhs/4zJJDUq2OBSmgpiY5A2QAVfIjJhaQpniNithI6ooM7anki3BW/3yOmnVqp5b9R6uKvXbZR1FOINzuAQPrqEO99CAJjB4gmd4hTdn4rw4787HYrTgLHdO4Q+czx9U1pHL</latexit><latexit sha1_base64="w7iw55LCO+eYyyozotFIKU5Rnd8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZdFNy4r2Ae0Q8mkd9rQTGZMMoUy9DvcuFDErR/jzr8x03ahrQcCh3Pu5Z6cIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxXe63J6g0j+WjmSboR3QoecgZNVbys15EzSgISWfWr/XLFbfqzkHWibckFVii0S9/9QYxSyOUhgmqdddzE+NnVBnOBM5KvVRjQtmYDrFrqaQRaj+bh56RC6sMSBgr+6Qhc/X3RkYjradRYCfzjHrVy8X/vG5qwhs/4zJJDUq2OBSmgpiY5A2QAVfIjJhaQpniNithI6ooM7anki3BW/3yOmnVqp5b9R6uKvXbZR1FOINzuAQPrqEO99CAJjB4gmd4hTdn4rw4787HYrTgLHdO4Q+czx9U1pHL</latexit><latexit sha1_base64="w7iw55LCO+eYyyozotFIKU5Rnd8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZdFNy4r2Ae0Q8mkd9rQTGZMMoUy9DvcuFDErR/jzr8x03ahrQcCh3Pu5Z6cIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxXe63J6g0j+WjmSboR3QoecgZNVbys15EzSgISWfWr/XLFbfqzkHWibckFVii0S9/9QYxSyOUhgmqdddzE+NnVBnOBM5KvVRjQtmYDrFrqaQRaj+bh56RC6sMSBgr+6Qhc/X3RkYjradRYCfzjHrVy8X/vG5qwhs/4zJJDUq2OBSmgpiY5A2QAVfIjJhaQpniNithI6ooM7anki3BW/3yOmnVqp5b9R6uKvXbZR1FOINzuAQPrqEO99CAJjB4gmd4hTdn4rw4787HYrTgLHdO4Q+czx9U1pHL</latexit>

�3
<latexit sha1_base64="on4i+UsgbtKhiQNY2dSGt/SdRkQ=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/vF+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htxd1BrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2nXkCM=</latexit><latexit sha1_base64="on4i+UsgbtKhiQNY2dSGt/SdRkQ=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/vF+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htxd1BrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2nXkCM=</latexit><latexit sha1_base64="on4i+UsgbtKhiQNY2dSGt/SdRkQ=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/vF+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htxd1BrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2nXkCM=</latexit><latexit sha1_base64="on4i+UsgbtKhiQNY2dSGt/SdRkQ=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/vF+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htxd1BrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2nXkCM=</latexit>

�4
<latexit sha1_base64="CxaEDwLe9sQffKwIPLabfM+1CIQ=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0GXRjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCKDy0G15tW9OfAq8QtSgwLNQfWrHyU0k0xZKogxPd9LbZATbTkVbFrpZ4alhI7JkPUcVUQyE+Tzhaf4zCkRjhPtnrJ4rv6eyIk0ZiJDl5TEjsyyNxP/83qZja+DnKs0s0zRxUdxJrBN8Ox6HHHNqBUTRwjV3O2K6YhoQq3rqOJK8JdPXiXti7rv1f37y1rjpqijDCdwCufgwxU04A6a0AIKEp7hFd6QRi/oHX0soiVUzBzDH6DPH2tbkCQ=</latexit><latexit sha1_base64="CxaEDwLe9sQffKwIPLabfM+1CIQ=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0GXRjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCKDy0G15tW9OfAq8QtSgwLNQfWrHyU0k0xZKogxPd9LbZATbTkVbFrpZ4alhI7JkPUcVUQyE+Tzhaf4zCkRjhPtnrJ4rv6eyIk0ZiJDl5TEjsyyNxP/83qZja+DnKs0s0zRxUdxJrBN8Ox6HHHNqBUTRwjV3O2K6YhoQq3rqOJK8JdPXiXti7rv1f37y1rjpqijDCdwCufgwxU04A6a0AIKEp7hFd6QRi/oHX0soiVUzBzDH6DPH2tbkCQ=</latexit><latexit sha1_base64="CxaEDwLe9sQffKwIPLabfM+1CIQ=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0GXRjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCKDy0G15tW9OfAq8QtSgwLNQfWrHyU0k0xZKogxPd9LbZATbTkVbFrpZ4alhI7JkPUcVUQyE+Tzhaf4zCkRjhPtnrJ4rv6eyIk0ZiJDl5TEjsyyNxP/83qZja+DnKs0s0zRxUdxJrBN8Ox6HHHNqBUTRwjV3O2K6YhoQq3rqOJK8JdPXiXti7rv1f37y1rjpqijDCdwCufgwxU04A6a0AIKEp7hFd6QRi/oHX0soiVUzBzDH6DPH2tbkCQ=</latexit><latexit sha1_base64="CxaEDwLe9sQffKwIPLabfM+1CIQ=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0GXRjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCKDy0G15tW9OfAq8QtSgwLNQfWrHyU0k0xZKogxPd9LbZATbTkVbFrpZ4alhI7JkPUcVUQyE+Tzhaf4zCkRjhPtnrJ4rv6eyIk0ZiJDl5TEjsyyNxP/83qZja+DnKs0s0zRxUdxJrBN8Ox6HHHNqBUTRwjV3O2K6YhoQq3rqOJK8JdPXiXti7rv1f37y1rjpqijDCdwCufgwxU04A6a0AIKEp7hFd6QRi/oHX0soiVUzBzDH6DPH2tbkCQ=</latexit>

�5
<latexit sha1_base64="aWv+UkHlxG81mbdWyWmYf2/fXaE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2zfkCU=</latexit><latexit sha1_base64="aWv+UkHlxG81mbdWyWmYf2/fXaE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2zfkCU=</latexit><latexit sha1_base64="aWv+UkHlxG81mbdWyWmYf2/fXaE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2zfkCU=</latexit><latexit sha1_base64="aWv+UkHlxG81mbdWyWmYf2/fXaE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2zfkCU=</latexit>

�6
<latexit sha1_base64="Slrna7cmdGQoxht6lsul6HC6r5I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP25jkCY=</latexit><latexit sha1_base64="Slrna7cmdGQoxht6lsul6HC6r5I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP25jkCY=</latexit><latexit sha1_base64="Slrna7cmdGQoxht6lsul6HC6r5I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP25jkCY=</latexit><latexit sha1_base64="Slrna7cmdGQoxht6lsul6HC6r5I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP25jkCY=</latexit>

�7
<latexit sha1_base64="sdhgAP6//NaCsw9JXpY0HRVnz3E=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuyowIdVl047KCfUg7lEwm04YmmSHJCGXoV7hxoYhbP8edf2PazkJbDwQO55xL7j1hKrixnveN1tY3Nre2Szvl3b39g8PK0XHbJJmmrEUTkehuSAwTXLGW5VawbqoZkaFgnXB8O/M7T0wbnqgHO0lZIMlQ8ZhTYp302BcuGpFBfVCpejVvDrxK/IJUoUBzUPnqRwnNJFOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HFZHMBPl84Sk+d0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m4+sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6KrsS/OWTV0n7suZ7Nf/+qtq4KeoowSmcwQX4UIcG3EETWkBBwjO8whvS6AW9o49FdA0VMyfwB+jzB2/nkCc=</latexit><latexit sha1_base64="sdhgAP6//NaCsw9JXpY0HRVnz3E=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuyowIdVl047KCfUg7lEwm04YmmSHJCGXoV7hxoYhbP8edf2PazkJbDwQO55xL7j1hKrixnveN1tY3Nre2Szvl3b39g8PK0XHbJJmmrEUTkehuSAwTXLGW5VawbqoZkaFgnXB8O/M7T0wbnqgHO0lZIMlQ8ZhTYp302BcuGpFBfVCpejVvDrxK/IJUoUBzUPnqRwnNJFOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HFZHMBPl84Sk+d0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m4+sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6KrsS/OWTV0n7suZ7Nf/+qtq4KeoowSmcwQX4UIcG3EETWkBBwjO8whvS6AW9o49FdA0VMyfwB+jzB2/nkCc=</latexit><latexit sha1_base64="sdhgAP6//NaCsw9JXpY0HRVnz3E=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuyowIdVl047KCfUg7lEwm04YmmSHJCGXoV7hxoYhbP8edf2PazkJbDwQO55xL7j1hKrixnveN1tY3Nre2Szvl3b39g8PK0XHbJJmmrEUTkehuSAwTXLGW5VawbqoZkaFgnXB8O/M7T0wbnqgHO0lZIMlQ8ZhTYp302BcuGpFBfVCpejVvDrxK/IJUoUBzUPnqRwnNJFOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HFZHMBPl84Sk+d0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m4+sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6KrsS/OWTV0n7suZ7Nf/+qtq4KeoowSmcwQX4UIcG3EETWkBBwjO8whvS6AW9o49FdA0VMyfwB+jzB2/nkCc=</latexit><latexit sha1_base64="sdhgAP6//NaCsw9JXpY0HRVnz3E=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuyowIdVl047KCfUg7lEwm04YmmSHJCGXoV7hxoYhbP8edf2PazkJbDwQO55xL7j1hKrixnveN1tY3Nre2Szvl3b39g8PK0XHbJJmmrEUTkehuSAwTXLGW5VawbqoZkaFgnXB8O/M7T0wbnqgHO0lZIMlQ8ZhTYp302BcuGpFBfVCpejVvDrxK/IJUoUBzUPnqRwnNJFOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HFZHMBPl84Sk+d0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m4+sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6KrsS/OWTV0n7suZ7Nf/+qtq4KeoowSmcwQX4UIcG3EETWkBBwjO8whvS6AW9o49FdA0VMyfwB+jzB2/nkCc=</latexit>

�9
<latexit sha1_base64="frEXJJcRWHHHfcd3yIdkgzL5/u0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsLXSDiWTybSheQxJRihDv8KNC0Xc+jnu/BvTdhbaeiBwOOdccu+JUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGnD9HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpscddNMb9q3615tf9GdAyCQpSgwLNfvWrFyuSCSot4diYbuCnNsyxtoxwOqn0MkNTTEZ4QLuOSiyoCfPZwhN04pQYJUq7Jy2aqb8nciyMGYvIJQW2Q7PoTcX/vG5mk8swZzLNLJVk/lGScWQVml6PYqYpsXzsCCaauV0RGWKNiXUdVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwDO8wpunvRfv3fuYR0teMXMIf+B9/gBy75Ap</latexit><latexit sha1_base64="frEXJJcRWHHHfcd3yIdkgzL5/u0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsLXSDiWTybSheQxJRihDv8KNC0Xc+jnu/BvTdhbaeiBwOOdccu+JUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGnD9HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpscddNMb9q3615tf9GdAyCQpSgwLNfvWrFyuSCSot4diYbuCnNsyxtoxwOqn0MkNTTEZ4QLuOSiyoCfPZwhN04pQYJUq7Jy2aqb8nciyMGYvIJQW2Q7PoTcX/vG5mk8swZzLNLJVk/lGScWQVml6PYqYpsXzsCCaauV0RGWKNiXUdVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwDO8wpunvRfv3fuYR0teMXMIf+B9/gBy75Ap</latexit><latexit sha1_base64="frEXJJcRWHHHfcd3yIdkgzL5/u0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsLXSDiWTybSheQxJRihDv8KNC0Xc+jnu/BvTdhbaeiBwOOdccu+JUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGnD9HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpscddNMb9q3615tf9GdAyCQpSgwLNfvWrFyuSCSot4diYbuCnNsyxtoxwOqn0MkNTTEZ4QLuOSiyoCfPZwhN04pQYJUq7Jy2aqb8nciyMGYvIJQW2Q7PoTcX/vG5mk8swZzLNLJVk/lGScWQVml6PYqYpsXzsCCaauV0RGWKNiXUdVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwDO8wpunvRfv3fuYR0teMXMIf+B9/gBy75Ap</latexit><latexit sha1_base64="frEXJJcRWHHHfcd3yIdkgzL5/u0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsLXSDiWTybSheQxJRihDv8KNC0Xc+jnu/BvTdhbaeiBwOOdccu+JUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGnD9HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpscddNMb9q3615tf9GdAyCQpSgwLNfvWrFyuSCSot4diYbuCnNsyxtoxwOqn0MkNTTEZ4QLuOSiyoCfPZwhN04pQYJUq7Jy2aqb8nciyMGYvIJQW2Q7PoTcX/vG5mk8swZzLNLJVk/lGScWQVml6PYqYpsXzsCCaauV0RGWKNiXUdVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwDO8wpunvRfv3fuYR0teMXMIf+B9/gBy75Ap</latexit>

�10
<latexit sha1_base64="3Nj4dTKLUW8HgihsMSSWYTUdjeE=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbC00obxsNu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXlHVoKlLVC1EzwSXrGG4E62WKYRIK9hiOb2f+4xNTmqfywUwyFiQ4lDzmFI2VfF/YaISDwnOng3rDbbpzkFXilaQBJdqD+pcfpTRPmDRUoNZ9z81MUKAynAo2rfm5ZhnSMQ5Z31KJCdNBMb95Ss6sEpE4VfZJQ+bq74kCE60nSWiTCZqRXvZm4n9ePzfxdVBwmeWGSbpYFOeCmJTMCiARV4waMbEEqeL2VkJHqJAaW1PNluAtf3mVdC+antv07i8brZuyjiqcwCmcgwdX0II7aEMHKGTwDK/w5uTOi/PufCyiFaecOYY/cD5/AKHGkWc=</latexit><latexit sha1_base64="3Nj4dTKLUW8HgihsMSSWYTUdjeE=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbC00obxsNu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXlHVoKlLVC1EzwSXrGG4E62WKYRIK9hiOb2f+4xNTmqfywUwyFiQ4lDzmFI2VfF/YaISDwnOng3rDbbpzkFXilaQBJdqD+pcfpTRPmDRUoNZ9z81MUKAynAo2rfm5ZhnSMQ5Z31KJCdNBMb95Ss6sEpE4VfZJQ+bq74kCE60nSWiTCZqRXvZm4n9ePzfxdVBwmeWGSbpYFOeCmJTMCiARV4waMbEEqeL2VkJHqJAaW1PNluAtf3mVdC+antv07i8brZuyjiqcwCmcgwdX0II7aEMHKGTwDK/w5uTOi/PufCyiFaecOYY/cD5/AKHGkWc=</latexit><latexit sha1_base64="3Nj4dTKLUW8HgihsMSSWYTUdjeE=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbC00obxsNu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXlHVoKlLVC1EzwSXrGG4E62WKYRIK9hiOb2f+4xNTmqfywUwyFiQ4lDzmFI2VfF/YaISDwnOng3rDbbpzkFXilaQBJdqD+pcfpTRPmDRUoNZ9z81MUKAynAo2rfm5ZhnSMQ5Z31KJCdNBMb95Ss6sEpE4VfZJQ+bq74kCE60nSWiTCZqRXvZm4n9ePzfxdVBwmeWGSbpYFOeCmJTMCiARV4waMbEEqeL2VkJHqJAaW1PNluAtf3mVdC+antv07i8brZuyjiqcwCmcgwdX0II7aEMHKGTwDK/w5uTOi/PufCyiFaecOYY/cD5/AKHGkWc=</latexit><latexit sha1_base64="3Nj4dTKLUW8HgihsMSSWYTUdjeE=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbC00obxsNu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXlHVoKlLVC1EzwSXrGG4E62WKYRIK9hiOb2f+4xNTmqfywUwyFiQ4lDzmFI2VfF/YaISDwnOng3rDbbpzkFXilaQBJdqD+pcfpTRPmDRUoNZ9z81MUKAynAo2rfm5ZhnSMQ5Z31KJCdNBMb95Ss6sEpE4VfZJQ+bq74kCE60nSWiTCZqRXvZm4n9ePzfxdVBwmeWGSbpYFOeCmJTMCiARV4waMbEEqeL2VkJHqJAaW1PNluAtf3mVdC+antv07i8brZuyjiqcwCmcgwdX0II7aEMHKGTwDK/w5uTOi/PufCyiFaecOYY/cD5/AKHGkWc=</latexit>

�11
<latexit sha1_base64="xg6yviyDzhDQJtGODVRGTaIkC2w=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IRQY9FLx4r2FroLiWbzbah2WRJskJZ+je8eFDEq3/Gm//GtN2Dtg4Ehpl5vJeJMsGN9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RuWasg5VQuleRAwTXLKO5VawXqYZSSPBHqPx7cx/fGLacCUf7CRjYUqGkiecEuukIBAuGpNBgfF0UG/4TX8OtEpwSRpQoj2ofwWxonnKpKWCGNPHfmbDgmjLqWDTWpAblhE6JkPWd1SSlJmwmN88RWdOiVGitHvSorn6e6IgqTGTNHLJlNiRWfZm4n9eP7fJdVhwmeWWSbpYlOQCWYVmBaCYa0atmDhCqObuVkRHRBNqXU01VwJe/vIq6V40sd/E95eN1k1ZRxVO4BTOAcMVtOAO2tABChk8wyu8ebn34r17H4toxStnjuEPvM8fo0uRaA==</latexit><latexit sha1_base64="xg6yviyDzhDQJtGODVRGTaIkC2w=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IRQY9FLx4r2FroLiWbzbah2WRJskJZ+je8eFDEq3/Gm//GtN2Dtg4Ehpl5vJeJMsGN9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RuWasg5VQuleRAwTXLKO5VawXqYZSSPBHqPx7cx/fGLacCUf7CRjYUqGkiecEuukIBAuGpNBgfF0UG/4TX8OtEpwSRpQoj2ofwWxonnKpKWCGNPHfmbDgmjLqWDTWpAblhE6JkPWd1SSlJmwmN88RWdOiVGitHvSorn6e6IgqTGTNHLJlNiRWfZm4n9eP7fJdVhwmeWWSbpYlOQCWYVmBaCYa0atmDhCqObuVkRHRBNqXU01VwJe/vIq6V40sd/E95eN1k1ZRxVO4BTOAcMVtOAO2tABChk8wyu8ebn34r17H4toxStnjuEPvM8fo0uRaA==</latexit><latexit sha1_base64="xg6yviyDzhDQJtGODVRGTaIkC2w=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IRQY9FLx4r2FroLiWbzbah2WRJskJZ+je8eFDEq3/Gm//GtN2Dtg4Ehpl5vJeJMsGN9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RuWasg5VQuleRAwTXLKO5VawXqYZSSPBHqPx7cx/fGLacCUf7CRjYUqGkiecEuukIBAuGpNBgfF0UG/4TX8OtEpwSRpQoj2ofwWxonnKpKWCGNPHfmbDgmjLqWDTWpAblhE6JkPWd1SSlJmwmN88RWdOiVGitHvSorn6e6IgqTGTNHLJlNiRWfZm4n9eP7fJdVhwmeWWSbpYlOQCWYVmBaCYa0atmDhCqObuVkRHRBNqXU01VwJe/vIq6V40sd/E95eN1k1ZRxVO4BTOAcMVtOAO2tABChk8wyu8ebn34r17H4toxStnjuEPvM8fo0uRaA==</latexit><latexit sha1_base64="xg6yviyDzhDQJtGODVRGTaIkC2w=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IRQY9FLx4r2FroLiWbzbah2WRJskJZ+je8eFDEq3/Gm//GtN2Dtg4Ehpl5vJeJMsGN9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RuWasg5VQuleRAwTXLKO5VawXqYZSSPBHqPx7cx/fGLacCUf7CRjYUqGkiecEuukIBAuGpNBgfF0UG/4TX8OtEpwSRpQoj2ofwWxonnKpKWCGNPHfmbDgmjLqWDTWpAblhE6JkPWd1SSlJmwmN88RWdOiVGitHvSorn6e6IgqTGTNHLJlNiRWfZm4n9eP7fJdVhwmeWWSbpYlOQCWYVmBaCYa0atmDhCqObuVkRHRBNqXU01VwJe/vIq6V40sd/E95eN1k1ZRxVO4BTOAcMVtOAO2tABChk8wyu8ebn34r17H4toxStnjuEPvM8fo0uRaA==</latexit>

�12
<latexit sha1_base64="l75r/x8tKmMZaBYJSROIRg8DJTM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSadR99y693BVa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6TQkWk=</latexit><latexit sha1_base64="l75r/x8tKmMZaBYJSROIRg8DJTM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSadR99y693BVa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6TQkWk=</latexit><latexit sha1_base64="l75r/x8tKmMZaBYJSROIRg8DJTM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSadR99y693BVa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6TQkWk=</latexit><latexit sha1_base64="l75r/x8tKmMZaBYJSROIRg8DJTM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSadR99y693BVa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6TQkWk=</latexit>

�13
<latexit sha1_base64="euatmwPibxGxve5ng7WH3z1siQQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1O+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gq1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6ZVkWo=</latexit><latexit sha1_base64="euatmwPibxGxve5ng7WH3z1siQQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1O+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gq1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6ZVkWo=</latexit><latexit sha1_base64="euatmwPibxGxve5ng7WH3z1siQQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1O+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gq1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6ZVkWo=</latexit><latexit sha1_base64="euatmwPibxGxve5ng7WH3z1siQQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1O+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gq1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6ZVkWo=</latexit>

�15
<latexit sha1_base64="MSonoFXVd4sXt/COTdNB4jH1lD0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6lfkWw=</latexit><latexit sha1_base64="MSonoFXVd4sXt/COTdNB4jH1lD0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6lfkWw=</latexit><latexit sha1_base64="MSonoFXVd4sXt/COTdNB4jH1lD0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6lfkWw=</latexit><latexit sha1_base64="MSonoFXVd4sXt/COTdNB4jH1lD0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6lfkWw=</latexit>

�16
<latexit sha1_base64="3C1lBXAoUVoJpSIcAvMBqDV+opU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6rkkW0=</latexit><latexit sha1_base64="3C1lBXAoUVoJpSIcAvMBqDV+opU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6rkkW0=</latexit><latexit sha1_base64="3C1lBXAoUVoJpSIcAvMBqDV+opU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6rkkW0=</latexit><latexit sha1_base64="3C1lBXAoUVoJpSIcAvMBqDV+opU=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi6rLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6rkkW0=</latexit>

�18
<latexit sha1_base64="EIwzCV2+sw5nog5i9slqBkQMg/0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMcNoJcqDRDrthy0TCTBBMyL4BEQnOGcmoJZVrYWwkbU00Z2poqtgRv9cvrpHNV99y693Bda94WdZThDM7hEjy4gSbcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A63ukW8=</latexit><latexit sha1_base64="EIwzCV2+sw5nog5i9slqBkQMg/0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMcNoJcqDRDrthy0TCTBBMyL4BEQnOGcmoJZVrYWwkbU00Z2poqtgRv9cvrpHNV99y693Bda94WdZThDM7hEjy4gSbcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A63ukW8=</latexit><latexit sha1_base64="EIwzCV2+sw5nog5i9slqBkQMg/0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMcNoJcqDRDrthy0TCTBBMyL4BEQnOGcmoJZVrYWwkbU00Z2poqtgRv9cvrpHNV99y693Bda94WdZThDM7hEjy4gSbcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A63ukW8=</latexit><latexit sha1_base64="EIwzCV2+sw5nog5i9slqBkQMg/0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi2GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMcNoJcqDRDrthy0TCTBBMyL4BEQnOGcmoJZVrYWwkbU00Z2poqtgRv9cvrpHNV99y693Bda94WdZThDM7hEjy4gSbcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A63ukW8=</latexit>

�19
<latexit sha1_base64="8FgthrdDsTrSRbMep/C6dvdlW7c=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQiqLuiG5cV7AOaUG4m03boZBJmJkIJ/Q03LhRx68+482+ctllo64GBwznncu+cMBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMUdaiiUhUN0TNBJesZbgRrJsqhnEoWCcc3838zhNTmify0UxSFsQ4lHzAKRor+b6w0Qj7uXcz7Vdrbt2dg6wSryA1KNDsV7/8KKFZzKShArXueW5qghyV4VSwacXPNEuRjnHIepZKjJkO8vnNU3JmlYgMEmWfNGSu/p7IMdZ6Eoc2GaMZ6WVvJv7n9TIzuA5yLtPMMEkXiwaZICYhswJIxBWjRkwsQaq4vZXQESqkxtZUsSV4y19eJe2LuufWvYfLWuO2qKMMJ3AK5+DBFTTgHprQAgopPMMrvDmZ8+K8Ox+LaMkpZo7hD5zPH69zkXA=</latexit><latexit sha1_base64="8FgthrdDsTrSRbMep/C6dvdlW7c=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQiqLuiG5cV7AOaUG4m03boZBJmJkIJ/Q03LhRx68+482+ctllo64GBwznncu+cMBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMUdaiiUhUN0TNBJesZbgRrJsqhnEoWCcc3838zhNTmify0UxSFsQ4lHzAKRor+b6w0Qj7uXcz7Vdrbt2dg6wSryA1KNDsV7/8KKFZzKShArXueW5qghyV4VSwacXPNEuRjnHIepZKjJkO8vnNU3JmlYgMEmWfNGSu/p7IMdZ6Eoc2GaMZ6WVvJv7n9TIzuA5yLtPMMEkXiwaZICYhswJIxBWjRkwsQaq4vZXQESqkxtZUsSV4y19eJe2LuufWvYfLWuO2qKMMJ3AK5+DBFTTgHprQAgopPMMrvDmZ8+K8Ox+LaMkpZo7hD5zPH69zkXA=</latexit><latexit sha1_base64="8FgthrdDsTrSRbMep/C6dvdlW7c=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQiqLuiG5cV7AOaUG4m03boZBJmJkIJ/Q03LhRx68+482+ctllo64GBwznncu+cMBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMUdaiiUhUN0TNBJesZbgRrJsqhnEoWCcc3838zhNTmify0UxSFsQ4lHzAKRor+b6w0Qj7uXcz7Vdrbt2dg6wSryA1KNDsV7/8KKFZzKShArXueW5qghyV4VSwacXPNEuRjnHIepZKjJkO8vnNU3JmlYgMEmWfNGSu/p7IMdZ6Eoc2GaMZ6WVvJv7n9TIzuA5yLtPMMEkXiwaZICYhswJIxBWjRkwsQaq4vZXQESqkxtZUsSV4y19eJe2LuufWvYfLWuO2qKMMJ3AK5+DBFTTgHprQAgopPMMrvDmZ8+K8Ox+LaMkpZo7hD5zPH69zkXA=</latexit><latexit sha1_base64="8FgthrdDsTrSRbMep/C6dvdlW7c=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQiqLuiG5cV7AOaUG4m03boZBJmJkIJ/Q03LhRx68+482+ctllo64GBwznncu+cMBVcG9f9dkpr6xubW+Xtys7u3v5B9fCorZNMUdaiiUhUN0TNBJesZbgRrJsqhnEoWCcc3838zhNTmify0UxSFsQ4lHzAKRor+b6w0Qj7uXcz7Vdrbt2dg6wSryA1KNDsV7/8KKFZzKShArXueW5qghyV4VSwacXPNEuRjnHIepZKjJkO8vnNU3JmlYgMEmWfNGSu/p7IMdZ6Eoc2GaMZ6WVvJv7n9TIzuA5yLtPMMEkXiwaZICYhswJIxBWjRkwsQaq4vZXQESqkxtZUsSV4y19eJe2LuufWvYfLWuO2qKMMJ3AK5+DBFTTgHprQAgopPMMrvDmZ8+K8Ox+LaMkpZo7hD5zPH69zkXA=</latexit>

<latexit sha1_base64="dzF3b6Fk6JNOj3gXnqJJrplqVpY="></latexit>

X4

<latexit sha1_base64="aCh9LVtcxGwx7TjMM/LvZuZFghg="></latexit>

�1

<latexit sha1_base64="+gKtZHvpLdlr2Vo7f1ytX9ogQXo="></latexit>

�2

<latexit sha1_base64="eSJ1PqTgphlQcXv3YfRHmrD1rlc="></latexit>

X1 + X2
�2�� X4

<latexit sha1_base64="YYZqjGoqpntso5c+9GWRzGURYY8="></latexit>

X2
�1�� 2X2

<latexit sha1_base64="iTyuDKzZPlZGBGVyHGjNES/7Zh0="></latexit>

�1

<latexit sha1_base64="PCqGUVLMeBwlzsnOIqJlQykihL8="></latexit>

�2

Example Network

�14
<latexit sha1_base64="nt9O+4GhRrTII+CCPtbLr3WGouE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl176FRa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6fakWs=</latexit><latexit sha1_base64="nt9O+4GhRrTII+CCPtbLr3WGouE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl176FRa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6fakWs=</latexit><latexit sha1_base64="nt9O+4GhRrTII+CCPtbLr3WGouE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl176FRa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6fakWs=</latexit><latexit sha1_base64="nt9O+4GhRrTII+CCPtbLr3WGouE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl176FRa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6fakWs=</latexit>

�17
<latexit sha1_base64="0Ce6Upyd3/y8ueIWnlW7pj69PnE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi1GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl17+G61rwt6ijDGZzDJXjQgCbcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6xpkW4=</latexit><latexit sha1_base64="0Ce6Upyd3/y8ueIWnlW7pj69PnE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi1GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl17+G61rwt6ijDGZzDJXjQgCbcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6xpkW4=</latexit><latexit sha1_base64="0Ce6Upyd3/y8ueIWnlW7pj69PnE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi1GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl17+G61rwt6ijDGZzDJXjQgCbcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6xpkW4=</latexit><latexit sha1_base64="0Ce6Upyd3/y8ueIWnlW7pj69PnE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQi1GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl17+G61rwt6ijDGZzDJXjQgCbcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6xpkW4=</latexit>

<latexit sha1_base64="+XcoIdCChmeIVswhlffeZZViZ9k="></latexit>

Theorem (RPA Characterization): The network achieves maxRPA if and only if

1. �11 �= �12, and �i1 = �i2 for i �= 1.

2. There exists a vector q and a scalar � satisfying qT S = (�, �1, 0, . . . , 0).

In this case, r =
�
� �1

�2

� 1
�12��11 .

Gupta & Khammash, Proc. Nat. Acad. Sci. (2022)

The deterministic RPA problem:

<latexit sha1_base64="BLlVt+WpK1Aq/3Kocqem6IBLk7E="></latexit>

qT S = (1, �1, 0, . . . , 0).

<latexit sha1_base64="yxRLIWItVpB8wlFyPKr/YTa2Cf0="></latexit>�

RPA
<latexit sha1_base64="oJJ1KUnW7ODAMsNvdHu3C8I1Mh8="></latexit>�
r =

�1

�2

�

<latexit sha1_base64="sO0R90ApoCCX17Q9njhnAXO3y9o="></latexit>

�11 = 0, �12 = 1
<latexit sha1_base64="sO0R90ApoCCX17Q9njhnAXO3y9o="></latexit>

�11 = 0, �12 = 1

<latexit sha1_base64="EHjiaQ2v0v0YqvwDLTcgu3XKdZw="></latexit>

�11X1 + · · · + �N1XN
�1��� ��

11X1 + · · · + ��
N1XN

�12X1 + · · · + �N2XN
�2��� ��

12X1 + · · · + ��
N2XN

<latexit sha1_base64="+zFXPETFY6sgOpuvbVWMfEqhOY8="></latexit>

Setpoint encoding: r is encoded by a subset of the chemical reactions. It can
be shown that at least two such reactions must be involved:

<latexit sha1_base64="fUiRdZFK+Eq8kn+qneSYGsOnVew="></latexit>

Given a deterministic reaction network with stable dynamics, find conditions
for an output, X1, to achieve maxRPA (robust to almost all rates).

<latexit sha1_base64="0M0opDyTwI/qGYrH68dd8HyOIhI="></latexit> �=

<latexit sha1_base64="EeYIeIfqY7YJLepUvm87gP2HE00="></latexit> =



internal model

Positive Negative Neutral
<latexit sha1_base64="WAo1mDuFQVn4L6s5NxyzZPnb7kU="></latexit>

C+ = {Xi : qi > 0}, C� = {Xi : qi < 0}, C ; = {Xi : qi = 0}.

<latexit sha1_base64="1+CkPVwEfoa6eLmNsk2R+PhnEys="></latexit>

Let q = (q1, . . . , qN ). We can think of the sign of qi as the ’charge’ of species Xi.

<latexit sha1_base64="C2eW+55Vno6NJmXAN/neau7TnPE="></latexit>

C+
<latexit sha1_base64="SYPlrYEI9yi//pDui49aEGZLLdk="></latexit>

C�

<latexit sha1_base64="SUFmqmJSWXzuoFYFK3xP2Wd0HAQ="></latexit>

C ;

An Internal Model Principle for Chemical Reaction Networks

X1

X3
<latexit sha1_base64="RF1oTwrvo13tg2MfPvbq2iusop0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv5WTeiZhiEpD3tXfbKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzjHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anki3BW/7yKmleVD236j1cVWq3izqKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2P+WjBWewcwx84nz9WWpHM</latexit><latexit sha1_base64="RF1oTwrvo13tg2MfPvbq2iusop0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv5WTeiZhiEpD3tXfbKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzjHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anki3BW/7yKmleVD236j1cVWq3izqKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2P+WjBWewcwx84nz9WWpHM</latexit><latexit sha1_base64="RF1oTwrvo13tg2MfPvbq2iusop0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv5WTeiZhiEpD3tXfbKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzjHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anki3BW/7yKmleVD236j1cVWq3izqKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2P+WjBWewcwx84nz9WWpHM</latexit><latexit sha1_base64="RF1oTwrvo13tg2MfPvbq2iusop0=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cV7APaoWTSO21oJjMmmUIZ+h1uXCji1o9x59+YabvQ1gOBwzn3ck9OkAiujet+O4W19Y3NreJ2aWd3b/+gfHjU1HGqGDZYLGLVDqhGwSU2DDcC24lCGgUCW8HoLvdbY1Sax/LRTBL0IzqQPOSMGiv5WTeiZhiEpD3tXfbKFbfqzkBWibcgFVig3it/dfsxSyOUhgmqdcdzE+NnVBnOBE5L3VRjQtmIDrBjqaQRaj+bhZ6SM6v0SRgr+6QhM/X3RkYjrSdRYCfzjHrZy8X/vE5qwhs/4zJJDUo2PxSmgpiY5A2QPlfIjJhYQpniNithQ6ooM7anki3BW/7yKmleVD236j1cVWq3izqKcAKncA4eXEMN7qEODWDwBM/wCm/O2Hlx3p2P+WjBWewcwx84nz9WWpHM</latexit>

X2
<latexit sha1_base64="w7iw55LCO+eYyyozotFIKU5Rnd8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZdFNy4r2Ae0Q8mkd9rQTGZMMoUy9DvcuFDErR/jzr8x03ahrQcCh3Pu5Z6cIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxXe63J6g0j+WjmSboR3QoecgZNVbys15EzSgISWfWr/XLFbfqzkHWibckFVii0S9/9QYxSyOUhgmqdddzE+NnVBnOBM5KvVRjQtmYDrFrqaQRaj+bh56RC6sMSBgr+6Qhc/X3RkYjradRYCfzjHrVy8X/vG5qwhs/4zJJDUq2OBSmgpiY5A2QAVfIjJhaQpniNithI6ooM7anki3BW/3yOmnVqp5b9R6uKvXbZR1FOINzuAQPrqEO99CAJjB4gmd4hTdn4rw4787HYrTgLHdO4Q+czx9U1pHL</latexit><latexit sha1_base64="w7iw55LCO+eYyyozotFIKU5Rnd8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZdFNy4r2Ae0Q8mkd9rQTGZMMoUy9DvcuFDErR/jzr8x03ahrQcCh3Pu5Z6cIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxXe63J6g0j+WjmSboR3QoecgZNVbys15EzSgISWfWr/XLFbfqzkHWibckFVii0S9/9QYxSyOUhgmqdddzE+NnVBnOBM5KvVRjQtmYDrFrqaQRaj+bh56RC6sMSBgr+6Qhc/X3RkYjradRYCfzjHrVy8X/vG5qwhs/4zJJDUq2OBSmgpiY5A2QAVfIjJhaQpniNithI6ooM7anki3BW/3yOmnVqp5b9R6uKvXbZR1FOINzuAQPrqEO99CAJjB4gmd4hTdn4rw4787HYrTgLHdO4Q+czx9U1pHL</latexit><latexit sha1_base64="w7iw55LCO+eYyyozotFIKU5Rnd8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZdFNy4r2Ae0Q8mkd9rQTGZMMoUy9DvcuFDErR/jzr8x03ahrQcCh3Pu5Z6cIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxXe63J6g0j+WjmSboR3QoecgZNVbys15EzSgISWfWr/XLFbfqzkHWibckFVii0S9/9QYxSyOUhgmqdddzE+NnVBnOBM5KvVRjQtmYDrFrqaQRaj+bh56RC6sMSBgr+6Qhc/X3RkYjradRYCfzjHrVy8X/vG5qwhs/4zJJDUq2OBSmgpiY5A2QAVfIjJhaQpniNithI6ooM7anki3BW/3yOmnVqp5b9R6uKvXbZR1FOINzuAQPrqEO99CAJjB4gmd4hTdn4rw4787HYrTgLHdO4Q+czx9U1pHL</latexit><latexit sha1_base64="w7iw55LCO+eYyyozotFIKU5Rnd8=">AAAB9HicbVDLSgMxFL1TX7W+qi7dBIvgqswUQZdFNy4r2Ae0Q8mkd9rQTGZMMoUy9DvcuFDErR/jzr8x03ahrQcCh3Pu5Z6cIBFcG9f9dgobm1vbO8Xd0t7+weFR+fikpeNUMWyyWMSqE1CNgktsGm4EdhKFNAoEtoPxXe63J6g0j+WjmSboR3QoecgZNVbys15EzSgISWfWr/XLFbfqzkHWibckFVii0S9/9QYxSyOUhgmqdddzE+NnVBnOBM5KvVRjQtmYDrFrqaQRaj+bh56RC6sMSBgr+6Qhc/X3RkYjradRYCfzjHrVy8X/vG5qwhs/4zJJDUq2OBSmgpiY5A2QAVfIjJhaQpniNithI6ooM7anki3BW/3yOmnVqp5b9R6uKvXbZR1FOINzuAQPrqEO99CAJjB4gmd4hTdn4rw4787HYrTgLHdO4Q+czx9U1pHL</latexit>

�3
<latexit sha1_base64="on4i+UsgbtKhiQNY2dSGt/SdRkQ=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/vF+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htxd1BrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2nXkCM=</latexit><latexit sha1_base64="on4i+UsgbtKhiQNY2dSGt/SdRkQ=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/vF+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htxd1BrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2nXkCM=</latexit><latexit sha1_base64="on4i+UsgbtKhiQNY2dSGt/SdRkQ=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/vF+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htxd1BrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2nXkCM=</latexit><latexit sha1_base64="on4i+UsgbtKhiQNY2dSGt/SdRkQ=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyooMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/vF+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htxd1BrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2nXkCM=</latexit>

�4
<latexit sha1_base64="CxaEDwLe9sQffKwIPLabfM+1CIQ=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0GXRjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCKDy0G15tW9OfAq8QtSgwLNQfWrHyU0k0xZKogxPd9LbZATbTkVbFrpZ4alhI7JkPUcVUQyE+Tzhaf4zCkRjhPtnrJ4rv6eyIk0ZiJDl5TEjsyyNxP/83qZja+DnKs0s0zRxUdxJrBN8Ox6HHHNqBUTRwjV3O2K6YhoQq3rqOJK8JdPXiXti7rv1f37y1rjpqijDCdwCufgwxU04A6a0AIKEp7hFd6QRi/oHX0soiVUzBzDH6DPH2tbkCQ=</latexit><latexit sha1_base64="CxaEDwLe9sQffKwIPLabfM+1CIQ=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0GXRjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCKDy0G15tW9OfAq8QtSgwLNQfWrHyU0k0xZKogxPd9LbZATbTkVbFrpZ4alhI7JkPUcVUQyE+Tzhaf4zCkRjhPtnrJ4rv6eyIk0ZiJDl5TEjsyyNxP/83qZja+DnKs0s0zRxUdxJrBN8Ox6HHHNqBUTRwjV3O2K6YhoQq3rqOJK8JdPXiXti7rv1f37y1rjpqijDCdwCufgwxU04A6a0AIKEp7hFd6QRi/oHX0soiVUzBzDH6DPH2tbkCQ=</latexit><latexit sha1_base64="CxaEDwLe9sQffKwIPLabfM+1CIQ=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0GXRjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCKDy0G15tW9OfAq8QtSgwLNQfWrHyU0k0xZKogxPd9LbZATbTkVbFrpZ4alhI7JkPUcVUQyE+Tzhaf4zCkRjhPtnrJ4rv6eyIk0ZiJDl5TEjsyyNxP/83qZja+DnKs0s0zRxUdxJrBN8Ox6HHHNqBUTRwjV3O2K6YhoQq3rqOJK8JdPXiXti7rv1f37y1rjpqijDCdwCufgwxU04A6a0AIKEp7hFd6QRi/oHX0soiVUzBzDH6DPH2tbkCQ=</latexit><latexit sha1_base64="CxaEDwLe9sQffKwIPLabfM+1CIQ=">AAAB8HicbVDLSgMxFL2pr1pfVZdugkVwVWZE0GXRjcsK9iHtUDKZTBuaZIYkI5ShX+HGhSJu/Rx3/o1pOwttPRA4nHMuufeEqeDGet43Kq2tb2xulbcrO7t7+wfVw6O2STJNWYsmItHdkBgmuGIty61g3VQzIkPBOuH4duZ3npg2PFEPdpKyQJKh4jGnxDrpsS9cNCKDy0G15tW9OfAq8QtSgwLNQfWrHyU0k0xZKogxPd9LbZATbTkVbFrpZ4alhI7JkPUcVUQyE+Tzhaf4zCkRjhPtnrJ4rv6eyIk0ZiJDl5TEjsyyNxP/83qZja+DnKs0s0zRxUdxJrBN8Ox6HHHNqBUTRwjV3O2K6YhoQq3rqOJK8JdPXiXti7rv1f37y1rjpqijDCdwCufgwxU04A6a0AIKEp7hFd6QRi/oHX0soiVUzBzDH6DPH2tbkCQ=</latexit>

�5
<latexit sha1_base64="aWv+UkHlxG81mbdWyWmYf2/fXaE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2zfkCU=</latexit><latexit sha1_base64="aWv+UkHlxG81mbdWyWmYf2/fXaE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2zfkCU=</latexit><latexit sha1_base64="aWv+UkHlxG81mbdWyWmYf2/fXaE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2zfkCU=</latexit><latexit sha1_base64="aWv+UkHlxG81mbdWyWmYf2/fXaE=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIosuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP2zfkCU=</latexit>

�6
<latexit sha1_base64="Slrna7cmdGQoxht6lsul6HC6r5I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP25jkCY=</latexit><latexit sha1_base64="Slrna7cmdGQoxht6lsul6HC6r5I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP25jkCY=</latexit><latexit sha1_base64="Slrna7cmdGQoxht6lsul6HC6r5I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP25jkCY=</latexit><latexit sha1_base64="Slrna7cmdGQoxht6lsul6HC6r5I=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIqMuiG5cVbK20Q8lkMm1oHkOSEcrQr3DjQhG3fo47/8a0nYW2HggczjmX3HuilDNjff/bK62srq1vlDcrW9s7u3vV/YO2UZkmtEUUV7oTYUM5k7RlmeW0k2qKRcTpQzS6mfoPT1QbpuS9Hac0FHggWcIItk567HEXjXH/ol+t+XV/BrRMgoLUoECzX/3qxYpkgkpLODamG/ipDXOsLSOcTiq9zNAUkxEe0K6jEgtqwny28ASdOCVGidLuSYtm6u+JHAtjxiJySYHt0Cx6U/E/r5vZ5CrMmUwzSyWZf5RkHFmFptejmGlKLB87golmbldEhlhjYl1HFVdCsHjyMmmf1QO/Htyd1xrXRR1lOIJjOIUALqEBt9CEFhAQ8Ayv8OZp78V79z7m0ZJXzBzCH3ifP25jkCY=</latexit>

�7
<latexit sha1_base64="sdhgAP6//NaCsw9JXpY0HRVnz3E=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuyowIdVl047KCfUg7lEwm04YmmSHJCGXoV7hxoYhbP8edf2PazkJbDwQO55xL7j1hKrixnveN1tY3Nre2Szvl3b39g8PK0XHbJJmmrEUTkehuSAwTXLGW5VawbqoZkaFgnXB8O/M7T0wbnqgHO0lZIMlQ8ZhTYp302BcuGpFBfVCpejVvDrxK/IJUoUBzUPnqRwnNJFOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HFZHMBPl84Sk+d0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m4+sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6KrsS/OWTV0n7suZ7Nf/+qtq4KeoowSmcwQX4UIcG3EETWkBBwjO8whvS6AW9o49FdA0VMyfwB+jzB2/nkCc=</latexit><latexit sha1_base64="sdhgAP6//NaCsw9JXpY0HRVnz3E=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuyowIdVl047KCfUg7lEwm04YmmSHJCGXoV7hxoYhbP8edf2PazkJbDwQO55xL7j1hKrixnveN1tY3Nre2Szvl3b39g8PK0XHbJJmmrEUTkehuSAwTXLGW5VawbqoZkaFgnXB8O/M7T0wbnqgHO0lZIMlQ8ZhTYp302BcuGpFBfVCpejVvDrxK/IJUoUBzUPnqRwnNJFOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HFZHMBPl84Sk+d0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m4+sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6KrsS/OWTV0n7suZ7Nf/+qtq4KeoowSmcwQX4UIcG3EETWkBBwjO8whvS6AW9o49FdA0VMyfwB+jzB2/nkCc=</latexit><latexit sha1_base64="sdhgAP6//NaCsw9JXpY0HRVnz3E=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuyowIdVl047KCfUg7lEwm04YmmSHJCGXoV7hxoYhbP8edf2PazkJbDwQO55xL7j1hKrixnveN1tY3Nre2Szvl3b39g8PK0XHbJJmmrEUTkehuSAwTXLGW5VawbqoZkaFgnXB8O/M7T0wbnqgHO0lZIMlQ8ZhTYp302BcuGpFBfVCpejVvDrxK/IJUoUBzUPnqRwnNJFOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HFZHMBPl84Sk+d0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m4+sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6KrsS/OWTV0n7suZ7Nf/+qtq4KeoowSmcwQX4UIcG3EETWkBBwjO8whvS6AW9o49FdA0VMyfwB+jzB2/nkCc=</latexit><latexit sha1_base64="sdhgAP6//NaCsw9JXpY0HRVnz3E=">AAAB8HicbVDLSgMxFL3xWeur6tJNsAiuyowIdVl047KCfUg7lEwm04YmmSHJCGXoV7hxoYhbP8edf2PazkJbDwQO55xL7j1hKrixnveN1tY3Nre2Szvl3b39g8PK0XHbJJmmrEUTkehuSAwTXLGW5VawbqoZkaFgnXB8O/M7T0wbnqgHO0lZIMlQ8ZhTYp302BcuGpFBfVCpejVvDrxK/IJUoUBzUPnqRwnNJFOWCmJMz/dSG+REW04Fm5b7mWEpoWMyZD1HFZHMBPl84Sk+d0qE40S7pyyeq78nciKNmcjQJSWxI7PszcT/vF5m4+sg5yrNLFN08VGcCWwTPLseR1wzasXEEUI1d7tiOiKaUOs6KrsS/OWTV0n7suZ7Nf/+qtq4KeoowSmcwQX4UIcG3EETWkBBwjO8whvS6AW9o49FdA0VMyfwB+jzB2/nkCc=</latexit>

�9
<latexit sha1_base64="frEXJJcRWHHHfcd3yIdkgzL5/u0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsLXSDiWTybSheQxJRihDv8KNC0Xc+jnu/BvTdhbaeiBwOOdccu+JUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGnD9HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpscddNMb9q3615tf9GdAyCQpSgwLNfvWrFyuSCSot4diYbuCnNsyxtoxwOqn0MkNTTEZ4QLuOSiyoCfPZwhN04pQYJUq7Jy2aqb8nciyMGYvIJQW2Q7PoTcX/vG5mk8swZzLNLJVk/lGScWQVml6PYqYpsXzsCCaauV0RGWKNiXUdVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwDO8wpunvRfv3fuYR0teMXMIf+B9/gBy75Ap</latexit><latexit sha1_base64="frEXJJcRWHHHfcd3yIdkgzL5/u0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsLXSDiWTybSheQxJRihDv8KNC0Xc+jnu/BvTdhbaeiBwOOdccu+JUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGnD9HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpscddNMb9q3615tf9GdAyCQpSgwLNfvWrFyuSCSot4diYbuCnNsyxtoxwOqn0MkNTTEZ4QLuOSiyoCfPZwhN04pQYJUq7Jy2aqb8nciyMGYvIJQW2Q7PoTcX/vG5mk8swZzLNLJVk/lGScWQVml6PYqYpsXzsCCaauV0RGWKNiXUdVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwDO8wpunvRfv3fuYR0teMXMIf+B9/gBy75Ap</latexit><latexit sha1_base64="frEXJJcRWHHHfcd3yIdkgzL5/u0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsLXSDiWTybSheQxJRihDv8KNC0Xc+jnu/BvTdhbaeiBwOOdccu+JUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGnD9HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpscddNMb9q3615tf9GdAyCQpSgwLNfvWrFyuSCSot4diYbuCnNsyxtoxwOqn0MkNTTEZ4QLuOSiyoCfPZwhN04pQYJUq7Jy2aqb8nciyMGYvIJQW2Q7PoTcX/vG5mk8swZzLNLJVk/lGScWQVml6PYqYpsXzsCCaauV0RGWKNiXUdVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwDO8wpunvRfv3fuYR0teMXMIf+B9/gBy75Ap</latexit><latexit sha1_base64="frEXJJcRWHHHfcd3yIdkgzL5/u0=">AAAB8HicbVDLSgMxFL1TX7W+qi7dBIvgqsyIoO6KblxWsLXSDiWTybSheQxJRihDv8KNC0Xc+jnu/BvTdhbaeiBwOOdccu+JUs6M9f1vr7Syura+Ud6sbG3v7O5V9w/aRmWa0BZRXOlOhA3lTNKWZZbTTqopFhGnD9HoZuo/PFFtmJL3dpzSUOCBZAkj2DrpscddNMb9q3615tf9GdAyCQpSgwLNfvWrFyuSCSot4diYbuCnNsyxtoxwOqn0MkNTTEZ4QLuOSiyoCfPZwhN04pQYJUq7Jy2aqb8nciyMGYvIJQW2Q7PoTcX/vG5mk8swZzLNLJVk/lGScWQVml6PYqYpsXzsCCaauV0RGWKNiXUdVVwJweLJy6R9Vg/8enB3XmtcF3WU4QiO4RQCuIAG3EITWkBAwDO8wpunvRfv3fuYR0teMXMIf+B9/gBy75Ap</latexit>

�10
<latexit sha1_base64="3Nj4dTKLUW8HgihsMSSWYTUdjeE=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbC00obxsNu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXlHVoKlLVC1EzwSXrGG4E62WKYRIK9hiOb2f+4xNTmqfywUwyFiQ4lDzmFI2VfF/YaISDwnOng3rDbbpzkFXilaQBJdqD+pcfpTRPmDRUoNZ9z81MUKAynAo2rfm5ZhnSMQ5Z31KJCdNBMb95Ss6sEpE4VfZJQ+bq74kCE60nSWiTCZqRXvZm4n9ePzfxdVBwmeWGSbpYFOeCmJTMCiARV4waMbEEqeL2VkJHqJAaW1PNluAtf3mVdC+antv07i8brZuyjiqcwCmcgwdX0II7aEMHKGTwDK/w5uTOi/PufCyiFaecOYY/cD5/AKHGkWc=</latexit><latexit sha1_base64="3Nj4dTKLUW8HgihsMSSWYTUdjeE=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbC00obxsNu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXlHVoKlLVC1EzwSXrGG4E62WKYRIK9hiOb2f+4xNTmqfywUwyFiQ4lDzmFI2VfF/YaISDwnOng3rDbbpzkFXilaQBJdqD+pcfpTRPmDRUoNZ9z81MUKAynAo2rfm5ZhnSMQ5Z31KJCdNBMb95Ss6sEpE4VfZJQ+bq74kCE60nSWiTCZqRXvZm4n9ePzfxdVBwmeWGSbpYFOeCmJTMCiARV4waMbEEqeL2VkJHqJAaW1PNluAtf3mVdC+antv07i8brZuyjiqcwCmcgwdX0II7aEMHKGTwDK/w5uTOi/PufCyiFaecOYY/cD5/AKHGkWc=</latexit><latexit sha1_base64="3Nj4dTKLUW8HgihsMSSWYTUdjeE=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbC00obxsNu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXlHVoKlLVC1EzwSXrGG4E62WKYRIK9hiOb2f+4xNTmqfywUwyFiQ4lDzmFI2VfF/YaISDwnOng3rDbbpzkFXilaQBJdqD+pcfpTRPmDRUoNZ9z81MUKAynAo2rfm5ZhnSMQ5Z31KJCdNBMb95Ss6sEpE4VfZJQ+bq74kCE60nSWiTCZqRXvZm4n9ePzfxdVBwmeWGSbpYFOeCmJTMCiARV4waMbEEqeL2VkJHqJAaW1PNluAtf3mVdC+antv07i8brZuyjiqcwCmcgwdX0II7aEMHKGTwDK/w5uTOi/PufCyiFaecOYY/cD5/AKHGkWc=</latexit><latexit sha1_base64="3Nj4dTKLUW8HgihsMSSWYTUdjeE=">AAAB83icbVBNS8NAFHypX7V+VT16WSyCp5KIoMeiF48VbC00obxsNu3SzSbsboQS+je8eFDEq3/Gm//GbZuDtg4sDDPzeG8nzATXxnW/ncra+sbmVnW7trO7t39QPzzq6jRXlHVoKlLVC1EzwSXrGG4E62WKYRIK9hiOb2f+4xNTmqfywUwyFiQ4lDzmFI2VfF/YaISDwnOng3rDbbpzkFXilaQBJdqD+pcfpTRPmDRUoNZ9z81MUKAynAo2rfm5ZhnSMQ5Z31KJCdNBMb95Ss6sEpE4VfZJQ+bq74kCE60nSWiTCZqRXvZm4n9ePzfxdVBwmeWGSbpYFOeCmJTMCiARV4waMbEEqeL2VkJHqJAaW1PNluAtf3mVdC+antv07i8brZuyjiqcwCmcgwdX0II7aEMHKGTwDK/w5uTOi/PufCyiFaecOYY/cD5/AKHGkWc=</latexit>

�11
<latexit sha1_base64="xg6yviyDzhDQJtGODVRGTaIkC2w=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IRQY9FLx4r2FroLiWbzbah2WRJskJZ+je8eFDEq3/Gm//GtN2Dtg4Ehpl5vJeJMsGN9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RuWasg5VQuleRAwTXLKO5VawXqYZSSPBHqPx7cx/fGLacCUf7CRjYUqGkiecEuukIBAuGpNBgfF0UG/4TX8OtEpwSRpQoj2ofwWxonnKpKWCGNPHfmbDgmjLqWDTWpAblhE6JkPWd1SSlJmwmN88RWdOiVGitHvSorn6e6IgqTGTNHLJlNiRWfZm4n9eP7fJdVhwmeWWSbpYlOQCWYVmBaCYa0atmDhCqObuVkRHRBNqXU01VwJe/vIq6V40sd/E95eN1k1ZRxVO4BTOAcMVtOAO2tABChk8wyu8ebn34r17H4toxStnjuEPvM8fo0uRaA==</latexit><latexit sha1_base64="xg6yviyDzhDQJtGODVRGTaIkC2w=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IRQY9FLx4r2FroLiWbzbah2WRJskJZ+je8eFDEq3/Gm//GtN2Dtg4Ehpl5vJeJMsGN9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RuWasg5VQuleRAwTXLKO5VawXqYZSSPBHqPx7cx/fGLacCUf7CRjYUqGkiecEuukIBAuGpNBgfF0UG/4TX8OtEpwSRpQoj2ofwWxonnKpKWCGNPHfmbDgmjLqWDTWpAblhE6JkPWd1SSlJmwmN88RWdOiVGitHvSorn6e6IgqTGTNHLJlNiRWfZm4n9eP7fJdVhwmeWWSbpYlOQCWYVmBaCYa0atmDhCqObuVkRHRBNqXU01VwJe/vIq6V40sd/E95eN1k1ZRxVO4BTOAcMVtOAO2tABChk8wyu8ebn34r17H4toxStnjuEPvM8fo0uRaA==</latexit><latexit sha1_base64="xg6yviyDzhDQJtGODVRGTaIkC2w=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IRQY9FLx4r2FroLiWbzbah2WRJskJZ+je8eFDEq3/Gm//GtN2Dtg4Ehpl5vJeJMsGN9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RuWasg5VQuleRAwTXLKO5VawXqYZSSPBHqPx7cx/fGLacCUf7CRjYUqGkiecEuukIBAuGpNBgfF0UG/4TX8OtEpwSRpQoj2ofwWxonnKpKWCGNPHfmbDgmjLqWDTWpAblhE6JkPWd1SSlJmwmN88RWdOiVGitHvSorn6e6IgqTGTNHLJlNiRWfZm4n9eP7fJdVhwmeWWSbpYlOQCWYVmBaCYa0atmDhCqObuVkRHRBNqXU01VwJe/vIq6V40sd/E95eN1k1ZRxVO4BTOAcMVtOAO2tABChk8wyu8ebn34r17H4toxStnjuEPvM8fo0uRaA==</latexit><latexit sha1_base64="xg6yviyDzhDQJtGODVRGTaIkC2w=">AAAB83icbVBNSwMxFHxbv2r9qnr0EiyCp7IRQY9FLx4r2FroLiWbzbah2WRJskJZ+je8eFDEq3/Gm//GtN2Dtg4Ehpl5vJeJMsGN9f1vr7K2vrG5Vd2u7ezu7R/UD4+6RuWasg5VQuleRAwTXLKO5VawXqYZSSPBHqPx7cx/fGLacCUf7CRjYUqGkiecEuukIBAuGpNBgfF0UG/4TX8OtEpwSRpQoj2ofwWxonnKpKWCGNPHfmbDgmjLqWDTWpAblhE6JkPWd1SSlJmwmN88RWdOiVGitHvSorn6e6IgqTGTNHLJlNiRWfZm4n9eP7fJdVhwmeWWSbpYlOQCWYVmBaCYa0atmDhCqObuVkRHRBNqXU01VwJe/vIq6V40sd/E95eN1k1ZRxVO4BTOAcMVtOAO2tABChk8wyu8ebn34r17H4toxStnjuEPvM8fo0uRaA==</latexit>

�12
<latexit sha1_base64="l75r/x8tKmMZaBYJSROIRg8DJTM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSadR99y693BVa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6TQkWk=</latexit><latexit sha1_base64="l75r/x8tKmMZaBYJSROIRg8DJTM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSadR99y693BVa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6TQkWk=</latexit><latexit sha1_base64="l75r/x8tKmMZaBYJSROIRg8DJTM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSadR99y693BVa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6TQkWk=</latexit><latexit sha1_base64="l75r/x8tKmMZaBYJSROIRg8DJTM=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRF0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSadR99y693BVa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6TQkWk=</latexit>

�13
<latexit sha1_base64="euatmwPibxGxve5ng7WH3z1siQQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1O+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gq1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6ZVkWo=</latexit><latexit sha1_base64="euatmwPibxGxve5ng7WH3z1siQQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1O+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gq1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6ZVkWo=</latexit><latexit sha1_base64="euatmwPibxGxve5ng7WH3z1siQQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1O+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gq1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6ZVkWo=</latexit><latexit sha1_base64="euatmwPibxGxve5ng7WH3z1siQQ=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiQq6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1O+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gq1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6ZVkWo=</latexit>

�14
<latexit sha1_base64="nt9O+4GhRrTII+CCPtbLr3WGouE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl176FRa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6fakWs=</latexit><latexit sha1_base64="nt9O+4GhRrTII+CCPtbLr3WGouE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl176FRa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6fakWs=</latexit><latexit sha1_base64="nt9O+4GhRrTII+CCPtbLr3WGouE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl176FRa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6fakWs=</latexit><latexit sha1_base64="nt9O+4GhRrTII+CCPtbLr3WGouE=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiRS0GXRjcsK9gFNKJPJtB06mYSZG6GE/oYbF4q49Wfc+TdO2yy09cDA4ZxzuXdOmEph0HW/ndLG5tb2Tnm3srd/cHhUPT7pmCTTjLdZIhPdC6nhUijeRoGS91LNaRxK3g0nd3O/+8S1EYl6xGnKg5iOlBgKRtFKvi9tNKKD3GvMBtWaW3cXIOvEK0gNCrQG1S8/SlgWc4VMUmP6nptikFONgkk+q/iZ4SllEzrifUsVjbkJ8sXNM3JhlYgME22fQrJQf0/kNDZmGoc2GVMcm1VvLv7n9TMc3gS5UGmGXLHlomEmCSZkXgCJhOYM5dQSyrSwtxI2ppoytDVVbAne6pfXSeeq7rl176FRa94WdZThDM7hEjy4hibcQwvawCCFZ3iFNydzXpx352MZLTnFzCn8gfP5A6fakWs=</latexit>

�15
<latexit sha1_base64="MSonoFXVd4sXt/COTdNB4jH1lD0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6lfkWw=</latexit><latexit sha1_base64="MSonoFXVd4sXt/COTdNB4jH1lD0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6lfkWw=</latexit><latexit sha1_base64="MSonoFXVd4sXt/COTdNB4jH1lD0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6lfkWw=</latexit><latexit sha1_base64="MSonoFXVd4sXt/COTdNB4jH1lD0=">AAAB83icbVDLSsNAFL2pr1pfVZduBovgqiSi6LLoxmUF+4AmlJvJtB06mYSZiVBCf8ONC0Xc+jPu/BunbRbaemDgcM653DsnTAXXxnW/ndLa+sbmVnm7srO7t39QPTxq6yRTlLVoIhLVDVEzwSVrGW4E66aKYRwK1gnHdzO/88SU5ol8NJOUBTEOJR9wisZKvi9sNMJ+7l1N+9WaW3fnIKvEK0gNCjT71S8/SmgWM2moQK17npuaIEdlOBVsWvEzzVKkYxyynqUSY6aDfH7zlJxZJSKDRNknDZmrvydyjLWexKFNxmhGetmbif95vcwMboKcyzQzTNLFokEmiEnIrAASccWoERNLkCpubyV0hAqpsTVVbAne8pdXSfui7rl17+Gy1rgt6ijDCZzCOXhwDQ24hya0gEIKz/AKb07mvDjvzsciWnKKmWP4A+fzB6lfkWw=</latexit>
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Molecular Internal Model Principle
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Gupta & Khammash, Proc. Nat. Acad. Sci. (2022)

Example Network Classification of species in RPA networks:
<latexit sha1_base64="hFiE4iKb5mt+8pKuhoyOpHVZOnU="></latexit>

Consider the vector q satisfying qT S = (�, �1, 0, . . . , 0), for � > 0.
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Building the First Synthetic Integral Controller in a Living Cell
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Aoki, Lillacci, Gupta, Baumschlager, Schweingruber, & Khammash, Nature (2019).
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Figure 2: Synthetic antithetic integral feedback control circuit. (a) Closed-loop circuit. The anti-
thetic control system (beige shaded box) is tunable with HSL and ARA. The controlled circuit of interest
(gray shaded box) consists of araC and sfgfp tagged with mf -Lon degradation tags. A negative pertur-
bation is applied by aTc-induction of mflon expression, resulting in AraC and sfGFP degradation. (b)
Open-loop circuit. Closed-loop feedback is disabled by deleting the anti-sigma module (PBAD-rsiW ). (c)
Response of closed-loop circuit to HSL and ARA. Heatmap of the mean steady-state sfGFP fluorescence for
corresponding concentrations of HSL and ARA (N=4). sfGFP fluorescence is normallized to the maximum
output. (d) Dynamic response of closed-loop circuit to HSL induction. sfGFP fluorescence is plotted as a
function of time and fit with a cubic spline, green circles indicate the mean ± SD and gray circles indicate
the individual replicates (N=3). (e) Output steady-states of closed- and open-loop circuits in the presence
of mf -Lon protease perturbation. sfGFP fluorescence normalized to the pre-disturbance level for each set
of induction conditions. Data show mean ± SD (N=3). Gray circles indicate the individual replicates. **,
p < .01; ***, p < .001; N.S., not significant. Non-normalized data is available in Extended Data Fig. 6b.
(f) Dynamic response of closed-loop circuit to perturbation. Closed- and open-loop strains at steady-state
in 0.2% ARA and 5.5 nM HSL were perturbed at 1.5 hours by aTc-induction of mf -Lon expression. sfGFP
fluorescence normalized to the mean at 0 hours is plotted as a function of time and fit with a cubic spline.
Circles indicate the individual replicates (N=3). Shaded regions indicate the SD. Non-normalized data is
available in Extended Data Fig. 6f.
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Figure 2: Synthetic antithetic integral feedback control circuit. (a) Closed-loop circuit. The anti-
thetic control system (beige shaded box) is tunable with HSL and ARA. The controlled circuit of interest
(gray shaded box) consists of araC and sfgfp tagged with mf -Lon degradation tags. A negative pertur-
bation is applied by aTc-induction of mflon expression, resulting in AraC and sfGFP degradation. (b)
Open-loop circuit. Closed-loop feedback is disabled by deleting the anti-sigma module (PBAD-rsiW ). (c)
Response of closed-loop circuit to HSL and ARA. Heatmap of the mean steady-state sfGFP fluorescence for
corresponding concentrations of HSL and ARA (N=4). sfGFP fluorescence is normallized to the maximum
output. (d) Dynamic response of closed-loop circuit to HSL induction. sfGFP fluorescence is plotted as a
function of time and fit with a cubic spline, green circles indicate the mean ± SD and gray circles indicate
the individual replicates (N=3). (e) Output steady-states of closed- and open-loop circuits in the presence
of mf -Lon protease perturbation. sfGFP fluorescence normalized to the pre-disturbance level for each set
of induction conditions. Data show mean ± SD (N=3). Gray circles indicate the individual replicates. **,
p < .01; ***, p < .001; N.S., not significant. Non-normalized data is available in Extended Data Fig. 6b.
(f) Dynamic response of closed-loop circuit to perturbation. Closed- and open-loop strains at steady-state
in 0.2% ARA and 5.5 nM HSL were perturbed at 1.5 hours by aTc-induction of mf -Lon expression. sfGFP
fluorescence normalized to the mean at 0 hours is plotted as a function of time and fit with a cubic spline.
Circles indicate the individual replicates (N=3). Shaded regions indicate the SD. Non-normalized data is
available in Extended Data Fig. 6f.

9

0 2 4 6 8 10

0.5

1.0

1.5

0N
or

m
al

iz
ed

 o
ut

pu
t

no perturbation
with perturbation

+aTc

Closed-loop

f Time (h)

Figure 2: Synthetic antithetic integral feedback control circuit. (a) Closed-loop circuit. The anti-
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(f) Dynamic response of closed-loop circuit to perturbation. Closed- and open-loop strains at steady-state
in 0.2% ARA and 5.5 nM HSL were perturbed at 1.5 hours by aTc-induction of mf -Lon expression. sfGFP
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Engineering Controllers in Mammalian Cells
Feedback
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• Feedback is a recurring theme in natural systems (robustness) 

• Feedback control in synthetic biology as a means to achieve robust and reliable designs 

• A new field at the interface of control engineering and synthetic biology (Cybergenetics) 
‣ Deeper understanding of cellular regulation  
‣ Novel circuits for robust and precise cellular control 
‣ Applications: industrial biotechnology, synthetic biology, tissue/organ engineering, personalised medicine, living materials

Summary

  

• Populations computer control: 
‣ Practical: light penetration, cost of modifying production strains, sensing key variables 
‣ Theoretical/computational: better models, multivariable control of bilinear systems  

• Single-cell computer control: 
‣ Practical: specialized hardware, 3D localization of light, silencing, toxicity 
‣ Theoretical/computational: better models, stochastic control, image processing 

• Genetic control: 
‣ Practical: dilution, saturation, burden, precision parts, post-translational circuits, anti-windup 
‣ Theoretical/computational: a control theory for chemical reactions, system ID methods

Challenges


